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Abstract 
As photovoltaic power plants provide an ever-increasing share of the world’s electricity and 
assist in the mitigation of environmental degradation, engineers need to consider new 
challenges associated with the integration of this variable and intermittent source of energy 
into the grid. The associated challenges can only be solved by deploying appropriate 
technologies. This thesis proposes some technological solutions by developing control 
algorithms for power electronic interfaces involved in photovoltaic (PV) energy conversion. 
The overall objective is to develop control algorithms and the associated power converter 
topologies so as to efficiently harvest solar energy with minimal losses and at minimal cost, 
while providing the much-needed system reliability. The thesis details the analyses and 
modelling of photovoltaic subsystems, their simulation studies, the control approaches 
adopted, and the application of maximum power point tracking technique to extract 
maximum power from the photovoltaic system. 
 
This thesis starts out with the development of a workable PV simulation model that considers 
the effects of environmental variables on system’s performance for deeper understanding of 
PV characteristics and for accurate prediction of the PV system’s behaviour in deployment. 
Also, introduced in the same chapter is a novel optimisation tool for the design of standalone 
PV power plants. To convert the “raw energy” from sunlight into usable regulated dc energy, 
the thesis proposes using a SEPIC (single ended primary inductance converter) dc-dc 
converter for the interfacing function. An in depth analysis and design of an 800W-capacity 
SEPIC converter is introduced and deployed for both simulation and experimental studies. 
Also developed for the SEPIC converter is a robust control system that is able to regulate the 
dc link voltage to the desired value, irrespective of changes in input voltage or system 
loading.   
 
The thesis, also, proposes an improved maximum power point tracking (MPPT) algorithm 
derived from the incremental conductance MPPT technique. This ensures the efficient 
operation of the PV power plant by rapidly and accurately tracking the maximum power point 
(MPP) of the PV array regardless of changes in environmental conditions. In addition, in 
chapter 5, to ensure the reliability and availability of the PV power plant, the thesis proposes 
a control system for the bidirectional dc-dc converter that interfaces the energy storage 
system. The control system offers the desired management of the energy storage system by 
v 
 
ensuring proper charging and discharging, protection, and power balance between the PV 
subsystems. A 500W capacity of the converter is analysed, designed and later constructed in 
the laboratory.  
 
To convert the generated dc energy into useful ac power, the thesis develops models and 
control strategies for the dc-ac converter (inverter) to ensure that sinusoidal waveform of the 
desired voltage magnitude and frequency is generated. Control strategies for three-phase 
operation in standalone and grid connected modes are also introduced. 
 
The developed control algorithms and designed converters are subjected to rigorous 
simulation studies using MATLAB/Simulink/SimPowerSystems software. Such simulation 
studies provide useful insight into the PV system’s behaviour when deployed in operation. 
However, simulation results without experimental backup offers limited practical value. 
Consequently, the thesis presents the hardware implementation of the entire PV power plant. 
It discusses the building of the power converter prototypes, the printed circuit boards (PCBs) 
for data acquisition, conditioning, isolation and gate-driving. The real time control of the 
plant using a digital signal processor platform is discussed in detail and the experimental 
results presented for the validation of the simulation results.  
 
The main contributions of this thesis include: 1) the development of a workable photovoltaic 
power system simulation model for characterisation studies; 2) development of a software 
tool for the design of  standalone PV plants; 3) development of an improved algorithm for 
maximum power point tracking; 4) development of an improved current mode based 
algorithm for control of the energy storage interface converter; 5) development of models for 
standalone and grid connected PV systems with the associated controls; and 6) experimental 
implementation of an effective, versatile, low-cost, low-component-count, data acquisition 
and conditioning system for a PV systems using dSPACE DS1104 DSP system.  
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Chapter 1 
Introduction  
 
1.1 General Overview 
As the world’s population increases, the demand for energy usage also increases 
proportionally. Meeting this energy requirement using fossil fuels (oil, natural gas and coal) 
based technologies has environmental and socioeconomic consequences. Environmental 
concerns range from environmental pollution and degradation to global warming and the 
attendant climate change, while the socioeconomic implications involve the depletion of 
scarce non-renewable resources and, even wars between nations in the quest for these 
resources [1-3]. To mitigate these problems, it is necessary for humanity to resort to the use 
of sources of energy that are non-polluting, renewable and sustainable. The sun, the earth’s 
primary source of energy, provides us such valuable resource either in the form of solar 
thermal energy or in the form of photovoltaic (direct conversion of sunlight to electric 
energy) energy, which is the focus of this thesis [4], [5].  
 
There is a worldwide boom in the deployment of both large-scale and small roof-mounted 
solar photovoltaic (PV) power systems. This has resulted in photovoltaics becoming an 
indispensable part of the energy mix of many countries. Even with reduced or no government 
subsidization, demand is growing in many parts of the world to the extent that photovoltaics 
is increasingly becoming the first choice for building new peak load power plants in countries 
like Canada, China, Thailand and India [6]. Globally, the installed capacity in 2011 was 
29,665MW bringing the cumulative global installed capacity to 69,684MW as at the end of 
2011 [7]. Table 1.1 shows the distribution of this installed capacity and cumulative capacity 
among countries of the world, while Figure 1.1 shows the global annual PV installations from 
the year 2000 to an expected increase to about 35GW in year 2013 [7-9]. This rapid and 
impressive development is driven by the following factors [1-3], [7-10]: 
 The need by many national governments for long term energy security, diversification 
of their energy portfolio, as well as ecological security. 
 Introduction of incentives like feed-in-tariff (FiT), and investment tax credits in many 
countries. 
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 Replacement of shuttered nuclear power plants with renewables, especially for 
Japanese market after the March 2011 Fukushima nuclear disaster. 
 More and more people striving for sustainability living for the mitigation of global 
warning and energy independence from utility companies. 
 The falling prices of PV modules and balance of systems (BOS) – as at the end of 2012 
the spot market   price for Chinese made crystalline silicon (c-Si) modules fell to USD 
0.74/WP and consequently solar electricity production costs have fallen below 
10c/KWh in sunny places like California and Arizona in USA. 
 Attainment of the long-awaited cost-competitiveness with fossil-fuel electricity in some 
European countries. 
 Inevitable increase in petroleum prices and depleting hydrocarbon reserves worldwide. 
 General increase in energy bill worldwide occasioned by increased fuel costs of 
conventional power plants. 
 
Table 1.1:  PV global cumulative installed capacities as at 2011 [7]. 
    
Country 
 
Installed Capacity 
(MW) 
 
Cumulative Capacity 
(MW) 
Share of Global 
Cumulative Capacity          
               (%) 
Germany 7,485 24,678 36 
Italy 9,284 12,754 18 
Japan 1,296 4,914 7 
Spain 372 4,400 6 
USA 1,855 4,384 6 
China 2,200 3093 4 
France 1,671 2,659 4 
Belgium 974 2,018 3 
Czech Republic 6 1,959 3 
Australia 774 1,298 2 
Rest of the world 807 7,529 11 
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Fig.1.1: Global annual PV installations from 2000 to 2013 [8]. 
 
1.2  The Photovoltaic Process 
Photovoltaic (PV) technology is based on the photovoltaic effect (the development of 
electrical potential between two dissimilar materials when their common junction is exposed 
to sunlight) to convert solar radiation into direct current (dc) electricity. When incoming light 
energy (photons) are absorbed by a semiconductor crystal, electron-hole pairs are released 
from their bonding state [1], [4]. 
 
The basic components of a solar cell are the n-type layer and a p-type layer of a 
semiconductor crystal. The n-type layer can emit electrons while the p-type layer can absorb 
electrons. At the interface of the two layers (the p-n junction) an electric field is formed. This 
electric field then separates the photon-generated charge carriers (the electron-hole pairs) 
when they are prevented from recombining. Thus, the electric field produces a proportional 
voltage at the terminals of the solar cell [1], [4]. Direct current is then able to flow when these 
contacts are connected.  
 
For practical use, the solar cells are packaged into modules by connecting them in series so as 
to deliver a useful higher voltage. 
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1.3 Photovoltaic Power Systems: Classifications and Applications 
1.3.1 Classification of PV Power Systems 
Generally, photovoltaic power systems are broadly classified as shown in Fig. 1.2. The stand-
alone or off-grid systems do not have a connection to the public electricity grid [11]. The 
simplest of such systems consist of a PV module and a dc load such as a water pump. 
However, in situations where a 24-hour supply of electricity is required, the system is 
combined with an energy storage system – often a deep cycle battery system. Stand-alone 
systems can be either dc systems or ac systems with an inverter, or combination of dc and ac 
systems [11], [12].These days, on-site production of solar power in the MW (mega-watts) 
range by energy-intensive companies to meet their energy needs exist [8-9]. 
 
The hybrid system integrates an auxiliary power supply as a backup or complement for the 
PV power system. The auxiliary supply may be a fossil-fuelled generator or another 
renewable energy source (example, wind, hydropower, biomass or fuel cell) [13-15]. The 
hybrid system is often used in situations where the security of supply is very critical. 
 
The grid-connected PV systems have a connection to the public electricity grid. The two 
main components of such systems are the PV modules (the array), and the dc-ac converter 
(the inverter). The two classifications of grid-connected systems are [1], [4]: 
 Decentralized grid-connected PV (DGCPV) systems: these often have smaller power 
ranges and mostly installed in rooftops or integrated into building facades. Energy 
storage is not really necessary for these systems. Excess energy is supplied to the grid 
during sunny days and is drawn from the grid during night times or periods of low 
insolation. Figure 1.3 is an illustration of a typical decentralized grid-connected PV 
system. 
 Centralized grid-connected PV (CGCPV) systems: These have power capacities up to 
the MW range and so they are often fed directly into the medium or high voltage grid. 
The outputs of these large-scale PV power plants are fast achieving scales equal to 
those of conventional coal-fired power plants as exemplified by the installation of a 
290MW solar park connected to the grid in Arizona, USA, in 2012 and a 579MW 
capacity solar power plant which is expected to come upstream by 2015. 
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Fig. 1.2: Classifications of PV power systems. 
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Fig. 1.3: Block diagram of a decentralized PV system 
 
1.3.2 Applications of PV Power Systems 
Photovoltaic energy systems, unlike other sources of energy, have these unique advantages 
[4], [5] : 1) direct conversion of sunlight into electricity, 2) long lifetime of up to 25 years 
because no mechanical moving parts, 3) no pollution of the environment, 4) based on 
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ubiquitous, free and inexhaustible source – the sun, 5) modularity and scalability that makes 
it flexible for system expansion, 6) availability mostly during hours of peak demand, and 7) 
comparatively shorter construction lead time. These unique advantages have made the 
technology popular in numerous areas of applications, including the following [1], [2], [16]:  
 Space applications: Because of its ability to work reliably and without maintenance 
for a long time, PV technology has been used in space vehicle power supplies since 
1958 when it was first used for the Vanguard satellite. 
 Consumer electronics: for items like calculators, watches, organizers, and battery 
chargers where a small PV module is integrated as part of the product. 
 Autonomous grids: In remote regions, far away from the power grid, they are cost-
competitive compared to grid extension or reliance on diesel generators that also 
pollute the environment. Such autonomous systems can be used in schools, hospitals, 
entire villages or island in the form of a micro grid. This is often in combination with 
other backup systems in the form of hybrid systems. 
 Support for unreliable power grid: Operating the PV system in parallel with the grid 
is necessary in situations, obtainable in developing nations, where the public grid is 
unreliable or where a large consumer (a factory, for example) is connected to a weak 
grid. 
 Solar water pumping systems: These are used as replacements for hand pumps and 
diesel-engine-driven pumps for both irrigation and drinking water, especially in 
developing countries.  
 Use in weather stations, navigational aids, transmitter masts and traffic lights. 
 Solar home systems. 
 Transportation applications: Applications in these areas, though not yet commercially 
mature, include solar cars, boats, unmanned zeppelins, and solar planes. These areas 
hold great promise for the foreseeable future. Also, solar PV technology is used in 
charging electric vehicles. 
 
1.4 Problem Statement and Research Motivations  
A photovoltaic power plant has the main objective of extracting as much energy as possible 
from the solar modules (array) when sunlight impinges on them while maintaining acceptable 
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power quality, reliability and cost-competitiveness. However, achieving this objective is 
fraught with the following challenges [6], [17-23]: 
 Low conversion efficiency: The output of a solar generator depends on three major 
factors: 1) module efficiency, 2) insolation, and 3) temperature. PV generators 
generally have low conversion (sunlight-to-electricity) efficiency. Even 
monocrystalline silicon based PV generators – which have the highest efficiency – 
boast of efficiency of only 13-19%. 
 Cost issues: Prior to 2012, solar energy was not cost-competitive in relation to fossil-
fuel based electricity. This had hampered the global spread of this mature technology 
especially in developing nations where it is needed most. Even the substantial drop in 
system costs witnessed in late 2012 has not brought the much desired global price 
parity with energy from coal fired power stations due mainly to the high “soft costs” 
in some countries. These soft costs include permission, labour, inspection and 
interconnection costs for grid-connection. This parity is needed to spur much more 
demand for PV based energy systems. 
 Intermittency and variability: Unlike fossil-fuel based power stations, the amount of 
electricity that a solar power plant generates varies and is very intermittent in nature. 
This is due to its dependence on the vagaries of the weather – mainly on solar 
insolation and ambient temperature that varies throughout the day. 
 Power quality issues: The voltage quality is expected to fulfil stipulated national and 
international standards. However, voltage variations occasioned by the intermittent 
and variable nature of the PV generator is often the case. Moreover, voltage flicker, 
voltage transients, and harmonics caused by the presence of non-linear loads and the 
power electronic converters in the system are often serious issues. 
 Load variations: The mismatch between power generation and power demand is a big 
issue. This mismatch arises because electricity consumption varies from moment-to-
moment, hour-to-hour over the course of the day. 
 Integration issues: When the various components of a PV power plant are integrated, 
transient instability can be an issue because of disturbances on system performance 
arising from variations in load and the stochastic nature of the PV generator output. 
Ensuring transient stability using energy storage is a challenge. 
Addressing some of the above challenges is the motivation for this thesis and requires 
investigative research as discussed in the following subsection. 
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1.5 Objectives and Contributions of the Thesis 
To solve the issues raised in the preceding subsection requires research in the following key 
areas: 
i) Application of appropriate control strategies for optimal energy conversion. 
ii) Improvement of conversion efficiency by improving the spectral response of the 
module. 
iii) Effective coordination of the various subsystems for efficient system operation. 
iv) Proper selection of subsystems especially the energy storage system. 
v) Application of effective voltage and frequency regulation strategies. 
vi) Application of appropriate protection strategies. 
 
Making a contribution by addressing the aforementioned challenges for system performance 
enhancement are the motivations for this thesis. Consequently, the broad objective of this 
study is the optimization of a PV power plant performance through the application of 
innovative and efficient control techniques. By applying appropriate control algorithms at the 
different subsystems of the PV power plant, Fig. 1.4, performance improvement are achieved 
via seamless integration, interaction and matching of the subsystems. The following four 
integrated digital control algorithms are implemented:  
i) An MPPT (maximum power point tracking) controller for efficient harvesting of 
solar energy. 
ii) A SEPIC topology based converter controller for dc voltage regulation 
iii) A dc-dc bidirectional converter controller for management of the energy storage 
system. 
iv) A dc-ac (inverter) converter controller for sinusoidal wave generation based on the 
grid voltage and frequency requirements. 
 
In addition to the development of control algorithms for the PV power electronic interfaces, 
this thesis has also made the following contributions: 
 Development of the simulation models for the PV power plant subsystems. 
 Development of a software tool for the design of standalone PV power plants. 
 Development of a complete integrated simulation model of a PV power plant. 
 Software and hardware platforms for evaluation of the performance of maximum 
power point tracking techniques. 
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 Practical implementation of a real-time digital controlled PV power plant with 
maximum power point tracking. 
 Implementation of advanced control algorithms for energy storage system with 
integrated bi-directional dc-dc converter. 
 Experimental implementation of an effective, versatile, low-cost, low-component-
count, data acquisition and conditioning system for a PV systems using dSPACE 
DS1104 DSP system.  
 
 
PV array
SEPIC 
Converter Inverter Transformer
Filter
Network
AC
Supply
Battery
Bank
Bi-directional
dc-dc converter
DSP Based Controller: for MPPT, voltage, current, frequency regulations & 
system protection.
DC bus
ADCADCADC PWMPWM
 
Fig. 1.4: Block diagram of the PV power system. 
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1.6 Thesis Organisation 
This thesis is organised as follows: 
 Chapter 2 presents the development of a simulation model for a photovoltaic module 
using the Matlab/Simulink software platform. The developed model is used in 
simulation for PV characterization studies. The second part of the chapter introduces a 
novel Matlab based optimisation tool for the sizing of a photovoltaic standalone 
power system. 
 Chapter 3 presents the analysis and design of the SEPIC converter used as the dc-dc 
power converter for interfacing the PV array in the study. The performance of the 
converter in both open-loop and closed-loop operation is analysed. 
 Chapter 4 reviews various algorithms for the implementation of maximum power 
point tracking (MPPT) in a photovoltaic module integrated with a dc-dc converter. It 
also reviews the current mode control methodologies for power converters. Finally, 
the chapter proposes a novel multi-loop integrated MPPT and current mode control 
for the SEPIC converter to ensure optimal system performance. 
 Chapter 5 reviews the roles and types of energy storage systems in PV applications. A 
bidirectional dc-dc converter for interfacing the energy storage system is designed and 
a novel battery management and power flow controller is presented. 
 Chapter 6 reviews various topologies and modulation approaches for photovoltaic 
inverters in both single-phase and three-phase operational modes. Also reviewed are 
the applicable international standards for photovoltaic inverters. Finally, a control 
scheme to ensure voltage and frequency regulation is presented. 
 Chapter 7 discusses the hardware implementation and experimental analysis of the 
entire PV power system using the DS1104 DSP controller. It discusses the building of 
the prototypes – the power converters and the data acquisition and conditioning 
systems – prior to systems integration. 
 Chapter 8 presents summary of the thesis and the suggestions for future research. 
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Chapter 2 
PV Modelling and Development of a New Optimisation Tool for Off-
Grid PV Power Plant Design 
 
2.1 Introduction 
The first part of this chapter focuses on the development of a simulation model for a 
photovoltaic module. Prior to this, the electrical model of the solar cell/module is introduced 
and analysed in detail.  This is used as a basis for the development of the proposed simulation 
model using the Matlab/Simulink software. Through simulation studies, the developed model 
will help in understanding the characteristics of PV modules and such understanding is 
necessary in developing proper interfacing and control strategies for the entire PV power 
system. The chapter starts with a review of the classifications and comparisons of solar 
technologies based on cell material and cell thickness.  
 
In the final part of the chapter, a new user-friendly optimisation tool for designing an off-grid 
PV power plant is developed. Such tools are invaluable to PV system designers. They not 
only hasten the design process but also help ensure the system’s reliability, durability, 
maintainability, safety and cost-competitiveness. The developed tool is used in a case study 
to size the key components of a typical PV power system. 
 
2.2  Review of PV Cell Technologies 
While the first generation photovoltaics technology is based on crystalline silicon, the second 
generation is based on thin–film technology and the third generation includes mainly new 
technologies like organic solar cells, which are still at the embryonic level of their 
developments. The motivating factors for progression from one generation to the other are 
mainly [7], [24], [25]: 
 The desire to improve cell conversion efficiency, and 
 The desire to reduce module cost, for cost-competitiveness with other sources of 
energy, especially coal-fired power plants. 
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Fig. 2.1: Classifications of PV cell technologies. 
 
Despite the many types of solar technologies already developed in laboratories, only five have 
achieved commercial success. Differences between cell technologies are based fundamentally 
on: 1) the type of semiconductor material used, and 2) the crystalline structure of the cell [26],  
[27]. Figure 2.1 shows the broad classifications for the first, second and third generation solar 
cell technologies [4], [7]. A brief description of some of the mature technologies follows in 
the subsequent subsections. 
 
2.2.1 Mono-crystalline Silicon Cells 
In mono-crystalline PV cells, each cell is made from a single crystal of silicon. It is the most 
efficient of all PV cell technologies, but the manufacturing process is slow and energy 
intensive. Its energy conversion efficiency ranges between 14 to 18%. Mono-crystalline cell 
technology is also a common choice for concentrator cells: which are used for sun-tracking 
concentrating dish or trough systems [4], [26], [27]. 
 
2.2.2 Multi-crystalline or Polycrystalline Silicon Cells 
This is produced from multiple crystals. The production method is relatively fast and low-
cost in comparison to the mono-crystalline technology. The conversion efficiency is also 
lower and typically ranges between 11 and 13%. This lower conversion efficiency implies 
lightly larger size per watt of output power compared to mono-crystalline module. Because of 
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its random crystal structure, it does not degrade in operation and is becoming so popular in 
commercial applications [4], [26-28].   
 
2.2.3 Silicon-based Thin-film Technologies 
The main necessity for using thin film technology is cost reduction because of their low-
material consumption – a thickness of about 1µm is used [4]. Amorphous silicon (a-Si) is 
used in silicon-based thin-film technology because it has superior light absorbing capability 
than crystalline silicon. However, a-Si based modules have low conversion efficiency in the 
range of 6-8% [4] because impinging sunlight generates charge carriers with low mobility. 
They have the advantage of flexibility and so can be manufactured to very large dimensions. 
To improve the stabilized low efficiency of a-Si modules, microcrystalline silicon (µc-Si) is 
added to the amorphous silicon. This stacking produces tandem or micromorph solar module 
with improved spectral response and improved conversion efficiency of up to 10% [7], [29]. 
 
2.2.4 Non-silicon Based Thin-film Technologies 
The major types of non-silicon based thin-film PV cell technologies include: 
a) Copper indium diselenide (CIS) based PV technology. Alloying this with gallium is 
often used in the production of CIGS modules. CIS and CIGS based modules have 
efficiencies between 7 and 12% - making them the most efficient of all thin-film 
technologies. Compared to crystalline technology, they have the disadvantages of 
lower efficiency and uncertain durability in deployment arising from degradation over 
time [7], [27]. 
b) Cadmium Telluride (CdTe): Modules based on this technology have low production 
cost with relatively high efficiency of 11% - making them the most economical thin-
film technology [27]. The lower conversion efficiency means that more space and 
hardware are required to produce the same output power when compared to the 
crystalline technology. The low production cost accounts for the popularity of this 
technology in utility-scale solar installations [30]. 
 
2.2.5 Comparisons of different PV cell technologies 
Tables 2.1 and 2.2 below show the differences between the major solar cell technologies. 
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           Table 2.1: Comparisons of silicon based cell technologies [24-29]. 
   Parameter    Mono-crystalline cell 
        technology 
     Poly-crystalline cell 
          technology 
  Amorphous cell 
      technology 
  Cell thickness 
        (μm) 
        200 - 400             200 - 400          1 - 2 
  Cell conversion 
   efficiency (%) 
     
        14 - 18 
    
             11 - 13 
     
          4 -9 
 
Spectral response 
 
High sensitivity to high 
wavelengths. Low 
 sensitivity to short 
 wavelengths. 
 
High sensitivity to high  
wavelengths. Low sensitivity 
to short wavelengths. 
 
 
High sensitivity to 
short wavelengths  
and low sensitivity 
to high wavelengths. 
Module reliability  
in operation 
Good long-term reliability: 
   greater than 20 years. 
  
Good long-term reliability. 
Long-term reliability 
problems. 
 
 
                                            
    Table 2.2: Comparisons of silicon and non-silicon based thin-film technologies [24-29]. 
    Parameter Silicon crystalline 
   cell technology 
     Ga-As cell 
     technology 
   CIS cell  
  technology 
   CdTe cell 
  technology 
Band-gap 
energy (eV). 
 
       1.12 
 
     1.42 
 
0.96 – 1.04 
 
1.45 – 1.5 
 
   Spectral  
  response 
 
Weaker optical 
absorption. 
 
Stronger optical 
absorption. 
 
Stronger optical 
absorption 
 
Stronger optical 
absorption 
 Band-gap  
transition 
     
      Indirect 
        
     Direct 
      
       Direct 
     
      Direct 
 
Module 
 reliability 
Long-term  
reliability: greater  
than 20 years. 
Long-term reliability 
issues because of 
moisture ingression. 
   Module 
 degradation 
occurs over time. 
    Module 
  degradation  
occurs over time. 
 Cell thickness  
     (μm) 
 
   200 - 400 
 
     Less than 1.0 
 
 Less than 1.0 
 
  Less than1.0 
Space/Mounting 
  hardware  
requirements. 
 
      Average 
More space and 
hardware required  
because of lower 
 efficiency. 
More space and 
hardware required  
because of lower 
 efficiency.  
More space and 
hardware required  
because of lower 
 efficiency. 
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2.3  Review of  Analytical Model of the Solar Cell 
A solar cell is basically a p-n junction fabricated from a thin layer (wafer) of semiconductor 
material. In the dark, the solar cell has characteristics similar to that of a diode. When the cell 
is illuminated by solar energy, the photon-generated current, which is proportional to the 
incident radiation flows in the external circuit when the cell is short-circuited. When the cell 
is open-circuited, the current is shunted internally by the intrinsic p-n junction diode. Thus, 
the characteristic of this diode is the basis of the characteristics of the solar cell [31-33]. 
Consequently, a solar cell is often represented by the electrical equivalent single-diode model 
shown in Fig. 2.2.  
 
Where the circuit parameters are defined as: IPH is the light-generated current or photo-
current; ID is the diode current; ISH is the shunt-leakage current; IL is the net current at the 
output terminal; RSH is the shunt resistance of the diode; and RS is the series resistance, which 
normally lies between 0.05 to 0.10Ω; and VOUT is the output voltage. 
 
2.3.1 Analysis of the Single Diode Model (SDM) 
From the equivalent electrical circuit in Fig. 2.2, 
SHDPHL IIII                                                                                                   (2.1) 
The Shockley diode current, ID, is given by the classical expression [33] 
















 1exp
CB
d
oD
TAK
qV
II                                                                            (2.2) 
Where, 
q = electron charge =1.6x10-19 C. 
A = diode ideality factor. 
KB = Boltzmann Constant = 1.38x10
-23J/oK. 
TC = cell working temperature, K. 
Vd = diode voltage in volts. 
 
Substituting (2.2) in (2.1) gives: 
SH
d
B
d
SPHL
R
V
TAK
qV
III  ]1)[exp(                                                                                     (2.3)  
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Fig. 2.2: Single diode model (SDM) of a solar cell. 
 
Where RS is assumed to be zero. That is, no series loss. The photo-current, IPH, depends 
mainly on the solar insolation, G, and the cell’s working temperature, TC. It is given by the 
relationship [31], [32]: 
 
GTTKII fCSCPH )]([ Re1                                                                                                 (2.4) 
Where ISC is the short-circuit current at standard test condition (25
oC and 1000W/m2); K1 is 
the cell’s short-circuit temperature coefficient, TRef, is the cell’s reference temperature and G 
is the solar radiation. 
 
The diode saturation current, IS, which is temperature-dependent can be determined from the 
following relationship [33]: 
AK
TT
qE
T
T
II B
Cf
B
f
C
RSS /)
11
(exp[)(
Re
3
Re
                                                                         (2.5) 
Where IRS is the reverse saturation current at reference temperature and solar radiation; EB is 
the band-gap energy of the semiconductor material and A is the ideality factor which is PV 
technology dependent. The series resistance of a PV cell is very small (approximately 0.1Ω) 
at short circuit, so it can be neglected. Thus the photocurrent can be assumed to be equal to 
the short-circuit current. That is, 
SCPH II                                                                                                                             (2.6)  
 
2.3.2 Module/Array Modelling 
Since a PV cell on its own produces less than 3W at 0.5Vdc approximately, cells must be 
connected in series-parallel configurations to produce enough power for high power  
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Fig.2.3: Functional relationship of PV cells, modules and arrays. 
 
applications. A group of cells make up a module and a group of modules make up an array. 
Fig.2.3 is an illustration of how cells are configured into modules and how modules are 
connected as arrays to achieve high voltage and power for any application [27], [28]. 
 
Thus, the generalised equivalent circuit of a module with cells in series and a number of 
parallel arrangements is given by: 
]1)/([exp  AKTNqVININI CSSPPHPL                                                                         (2.7) 
 
Where NS is the number of cells in series and NP is the number of parallel connections. Also, 
ignoring the shunt leakage current, the reverse saturation current at reference temperature is 
given as [31-36]: 
 
]1)/[exp( 

CSoc
SC
RS
KATNqV
I
I                                                                                           (2.8) 
 
2.3.3 Dual Diode Model (DDM) 
An alternative model for PV cells is the dual-diode model which uses two diodes to define 
the behaviour of the solar cell. This is shown in Figure 2.4. Although the dual-diode model is 
more accurate than the single-diode model, it is not widely used in PV applications because 
of its complexity [4], [28], [29]. 
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Fig. 2.4 Dual-diode model of a solar cell. 
 
2.4 Proposed Simulation Model Development for Characterisation Studies 
To develop a simulation model that can help to accurately predict the performance of the PV 
solar power plant used in this study, Matlab/Simulink software is used. The model, by using 
the ever-changing environmental temperature and irradiation and the parameters of any given 
solar module, is able to accurately predict the characterisation (current-voltage and power-
voltage behaviour) of the module and its power output. The details of the proposed modelling 
approach and the simulation results are discussed in the subsections below. 
 
2.4.1 Model Implementation via Simulink Software. 
This model is used to study and predict the performance of the module with variation in 
temperature and irradiation. It is based on the temperature and irradiation dependent 
analytical relationships described in Section 2.3.1. Using these relationships that describe the 
dark diode current, the saturation current and the output current, in conjunction with Simulink 
built-in blocks, the model is constructed as shown in Fig. 2.5, which shows the block diagram 
of the model in Simulink. The major subsystems of the model are shown in Fig. 2.6, while 
the details of the three major subsystems are shown in Figs. 2.7 - 2.9. 
 
The user is able to input the following parameters to the model: 
 Ambient temperature, as shown in the Figs. 2.5 and 2.6. 
 Solar irradiation, as shown in Figs. 2.5 and 2.6. 
 Parameters of the solar module under study. This can be inputted via the 
dialogue box of the developed mask for the model. Fig. 2.10 shows a dialog 
box of the mask for the BP 380 solar module used for this study. 
Also, the user can assess the following output parameters, as shown in Figs. 2.5 and 2.6: 
 Module output voltage. 
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 Module output current. 
 Module output power. 
 Module power-voltage (P-V) characterisation plot. 
 Module current-voltage (I-V) characterisation plot. 
  
 
Fig. 2.5 Block diagram of the PV module simulation model using Simulink software. 
 
 
 
Fig. 2.6 Simulation model showing the major subsystems. 
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Fig. 2.7 Details of the reverse saturation current subsystem. 
 
 
 
Fig. 2.8 Details of the saturation current subsystem. 
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Fig. 2.9 Details of the photocurrent subsystem. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.10 Mask dialogue box for the developed model showing some parameters of the PV 
module: BP 380 used for the study. 
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2.4.2 Simulation Results and Discussions 
The three major environmental variables that affect the performance of a solar module are: 1) 
irradiation, 2) temperature, and 3) cloud cover. The irradiation and temperature effects are 
most pronounced and are simulated in this study. The study does not consider the effect of 
cloud cover. The results obtained using the developed model to study the effects of these two 
ever-changing environmental variables are shown in Figs. 2.11-2.14. While Figs. 2.11 and 
2.12 consider the effect of changing solar irradiation at constant temperature, Figs. 2.13 and 
2.14 consider the effect of changing temperature at constant irradiation. 
 
2.4.2.1 Effects of Irradiation Changes 
 
From Fig. 2.11, it is seen that, at constant temperature, an increase in the solar intensity 
(irradiation) results in an increase of the module current, while a decrease in solar intensity 
results in a decrease of the module current. The irradiation is measured in ‘suns’, where 1sun 
=1000W/m2. Thus, the current-voltage (I-V) curve of Fig. 2.11 shifts up with increased solar 
radiation and down with a decrease in solar radiation. It is also seen that the effect of 
irradiation changes on the module’s output voltage change is very minimal. Similarly, in Fig. 
2.12, the module output power increases as the solar intensity increases and decreases as the 
intensity decreases. This P-V characteristic is expected since the module’s output power is 
the product of the module current and voltage. 
 
2.4.2.2 Effects of Temperature Changes 
 
For the temperature effects at constant solar irradiation, it is seen from Fig. 2.13 that the 
module voltage is inversely proportional to the ambient temperature. That is, a rise in 
temperature produces a proportional decrease in the output voltage. The effect of temperature 
variations on the output current is seen to be very minimal. Similarly in Fig. 2.14, the module 
output power decreases as the temperature increases. 
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Fig. 2.11 Influence of irradiation changes on module current and voltage output at constant 
temperature. 
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Fig. 2.12 Influence of irradiation changes on the PV module power and voltage at constant 
temperature. 
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Fig. 2.13 Variation of I-V characteristics with changes in temperature at constant irradiation. 
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Fig.2.14. Variation of module power with changes in ambient temperature at constant 
irradiation. 
 
2.5 A New Optimisation Tool for Off-grid PV Power Plant Design 
An off-grid (stand-alone system) PV power plant, which is very popular in areas with no grid 
access, is an integrated system designed to generate electricity from sunlight 24/7. To ensure 
system reliability and availability, energy storage system and power converters are invaluable 
components. It is necessary that PV systems designers ensure that only the highest quality PV 
systems are designed and deployed in operation. This is because good design, proper systems 
integration and installation of the PV plant will ensure [37]: 
 System longevity. 
 System reliability and availability by avoiding premature failures of the BOS 
(balance-of-system) which have lower lifetimes compared to the PV modules. 
 Safety to system users by avoidance of shock hazards, battery fires and explosions, 
and lightning hazards. 
 Cost competitiveness of the system. 
 
Achieving such desired high quality design is possible only with the help of reliable and 
robust software tools. This final part of the chapter discusses the development of a robust and 
user-friendly Matlab/Simulink software based optimisation tool for designing a PV power 
plant. It uses site-specific parameters to size the system’s components. Discussed in the 
following subsections are: features of the developed tool, description and architecture of the 
tool, and the development of the various sub models. Finally, the simulation analysis of a 
case study using the developed tool is also presented. 
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2.5.1 System’s Features 
The optimisation tool provides the following features [38]: 
 User-friendly interface inherited from the Simulink software masking features. 
 Utilises relatively accurate and robust calculation algorithms, based on the equations 
discussed in subsequent sections.   
 It keeps the designer in the loop by offering transparency of the calculation methods, 
equations and assumptions used via the help function. 
 It provides intermediate results at each simulation stage for verification of the output of 
each of the sub models. 
 It offers a design process that is not necessarily linear – parts of the design may have to 
be revisited over and over and different choices made as the design progresses. That is, 
it allows for design iterations to get the best possible choice of components. 
 It provides a library of components that are re-usable in other systems designs. 
 
2.5.2 System’s Description and Architecture 
Fig. 2.15 is a typical off-grid PV power plant showing the major subsystems. These major 
subsystems are: 
 The PV array, which is a collection of PV modules, which converts the solar energy 
into dc electricity. 
 The battery bank, a group of series/parallel connected deep cycle batteries, for energy 
storage. This supplies the needed energy during night time or during periods of little or 
no sunlight like cloudy weather. 
 The inverter to convert the dc energy to ac energy suitable for use by the loads. 
 The charge controller that changes the dc output of the solar array into another dc level 
suitable for charging the battery bank and for use by the inverter. It ensures that the 
battery is neither overcharged nor over discharged. 
 The loads. These are ac or dc loads connected to the system by the end users.     
     Nowadays, these are mostly ac loads. 
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Fig. 2.15:   Major subsystems of an off-grid PV power plant. 
 
These subsystems are used as the basic building blocks to develop the model in Simulink. 
The developed model is shown in Fig. 2.16 and comprises the following four sub models: 
 System load assessment sub model: for calculating all the loads connected to the 
system. 
 PV array sizing sub model: for calculation of the actual size of the array needed to   
meet the load requirements. 
   The battery bank sizing sub model: for the calculation of the capacity of the battery  
bank needed to meet the system’s requirements. 
 Power conditioner sizing sub model: for calculating the size of the inverter and the  
charge controller. 
 
Each of these four sub models has a user-friendly interface developed using the masking 
features of Simulink that enables the designer to input the desired parameters prior to 
simulation. Firstly, the PV system’s designer initiates the design process by doing the 
assessment of the system’s loads. He inputs the desired loads via the user-friendly interface. 
The output of this sub model provides the inputs to the other sub models and is the basis for 
the sizing of the array, the battery bank, and the power conditioners – inverter and charge 
controller. The system designer also uses the user-friendly interface of each sub model to 
input other desired system parameters prior to system simulation. Fig. 2.17 is a simplified 
flowchart of the model’s operation. Details of the four sub models are discussed in the 
subsequent sections. 
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Fig. 2.16:   Simulation model showing the sub models in Simulink. 
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Fig. 2.17 Simplified flowchart for the sizing tool.  
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2.6 Development of Sub Models 
2.6.1 Load Assessment Sub Model 
The first stage of the design process for any off-grid PV system is the estimation of the loads 
to be powered. To meet a particular electricity demand, the daily energy requirements and the 
electrical characteristics of the loads must be known. Once the peak power consumption and 
the duty cycle (usage hours per day) of all loads are compiled, the product of the two gives 
the actual share of the energy requirement of that load on the system during the course of the 
day. Thus the algorithm for this sub-model is based on the following relationship [5]:  
hrsPE
n
i
idc 
1
                                                                                                  (2.9)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
where Edc is the total energy consumed per day (Wh/day) by all dc loads, if they are used; Pi 
is the power consumption of each individual load in watts, and hrs is the duty cycle or usage 
hours of each individual load. Similarly, for ac loads,    
 hrsPE
n
i
iac 
1
                                                                                              (2.10)                                                                                                                           
And the total energy in Wh/day, ETOT, drawn from the dc bus by both dc and ac loads is given 
by: 
inv
ac
dcacdcTOT
E
EEEE

                                                                       (2.11)                                                                                                                  
Where ηinv is the efficiency of the inverter. 
In general, the designer’s input data for each of the loads are: 
 Power rating of the load in watts. 
 The number of the particular type of load. 
 The number of hours of usage (duty cycle) of the load. 
 The power factor of the load. 
 The surge factor of the load, if applicable. 
The load assessment sub model then provides the following outputs on simulation: 
 Daily energy used by the system in Wh/day, ETOT. This forms the basis of all 
subsequent evaluation by the other sub models for sizing the battery bank and the PV 
array. 
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 Maximum demand, Dmax, which is needed for the sizing of the inverter. 
 The surge demand, Ssurg, also needed for the sizing of the inverter to withstand surge 
loads. 
 
The designer enters the data via the user-friendly interface created using Simulink’s masking 
features. The algorithm for the desired load management strategy to properly size the inverter 
is done using the embedded Matlab function and consequently, the user only has to input “1” 
or “0” to indicate which loads to include or not to include in evaluating the maximum 
demand and the surge demand. 
 
2.6.2 PV Array Sizing Sub Model 
A stand-alone photovoltaic system must maintain the energy balance over its specified 
period, usually a day. Thus, it must be sized to satisfy the energy balance equation between 
the PV array, the batteries, the load, the power conditioning components, and the system 
losses, over the course of a day. Consequently, the sizing algorithm for this sub model is 
developed from the following relationship [39 - 41]:  
 
deratepvss
TOT
array
fPSH
E
P



                                                                                            (2.12)  
                           
where Parray is the peak array power in watts; ETOT is the total energy demand from the dc bus 
in watt-hour; PSH is the peak sun hours at the site of interest; fderate is the temperature and 
operating point derating factor; ηpvss is the sub-system (from the PV array to the dc bus) 
efficiency. That is,  
 
BattRBgpvrpvss   Re                                                                                             (2.13) 
                                                         
where ηpvr accounts for the PV to regulator wiring loss; ηReg is the regulator efficiency; ηRB 
accounts for the regulator to battery wiring loss and ηBatt is battery efficiency. Equations 
(2.12) and (2.13), via the user interface, thus offer the system designer the chance of choosing 
a wide range of parameters for sizing the array. 
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Having calculated the total PV array power from equation (2.12), the designer can choose the 
desired module type with the appropriate peak power, WP and voltage, Vmod to achieve the 
intended array configuration via the algorithm-embedded relationships in (2.14) - (2.16): 
 
P
array
P
W
P
N                                                                                                            (2.14) 
 
modV
VoltageSystem
NS                                                                                                   (2.15) 
 
SPT NNN                                                                                                        (2.16) 
 
Where the designer rounds NP, the number of modules in parallel, up or down if equation 
(2.14) gives a fractional value; NS is the number of modules in series and NT is the total 
number of modules in the array. 
 
2.6.3 Battery Bank Sizing Sub Model 
The major factors in calculating the capacities of batteries in any photovoltaic power system 
are [37], [42], [43]: 
 Total daily energy demand from the system in watt hours, ETOT, derived from the 
load assessment process. 
 Nominal system voltage, Vdc. 
 The number of storage days or days of autonomy, DA, to account for those periods 
(night time and cloudy days) when there is no energy from the solar panels. The 
choice of this depends on factors like the critical nature or otherwise of the loads, 
climate at site, access to site, regularity of system monitoring and the consequences 
of system failure. 
 The design maximum Depth of Discharge (DODmax). The life of the batteries 
depends on the value   chosen. Excessive DODmax (low state of charge, SOC) will 
shorten the battery life while shallow DODmax increases the size of the battery bank 
and the solar array required. 
 Temperature derating factor for cold climates, DT.  
 Charge/Discharge efficiency, DCH, of the battery. 
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Based on these factors, the algorithm for this sub model is derived from (2.17) [40].  
CHTdc
ATOT
X
DDDODV
DE
C



max
                                                                                   (2.17) 
where CX is the battery capacity in ampere-hours (Ah) at a given discharge rate, usually C/20 
or C/100 for PV systems. Also, based on equation (2.17), the software tool offers the designer 
a wide range of choices in selecting the design parameters to properly size the batteries. 
  
The battery bank may contain batteries in series or parallel or series/parallel connections to 
achieve desired capacity and system voltage. For batteries connected in series, the voltage of 
the string is additive while the amp-hour rating is the same as for a single battery since the 
same current flows through the string. For parallel connected batteries, the voltage across 
each remains the same while the amp-hour is additive. Hence, the designer can choose the 
desired configuration and topology for the battery bank based on equations (2.18) – (2.20), 
also embedded in the algorithm [40-44]. 
CH
X
P
C
C
N                                                                                                                    (2.18) 
bat
dc
S
V
V
N                                                                                                                  (2.19)  
SPT NNN                                                                                                                  (2.20)                                                                                                                                                                         
where NP is the number of batteries to be connected in parallel. If NP is a fractional number,  
the system designer must decide whether to round up, to round down or to use a battery of 
different size; CCH is the capacity of the individual battery the designer has chosen for the 
design; NS is the number of batteries to be connected in series to achieve the system voltage; 
Vbat is the voltage of the battery chosen to achieve the system voltage; NT is the total number 
of batteries in the series-parallel battery bank.  
  
The number of parallel strings is generally chosen to be less than four to provide better 
balance of battery currents. The designer can ensure this by choosing higher capacity 
batteries. Fig. 2.18 is the user-interface developed to help the designer input the desired  
 battery parameters.  
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Fig. 2.18:   Developed user interface in Simulink for sizing the battery bank sub model. 
 
2.6.4 Inverter 
Proper sizing of the inverter requires the specification of the following [44]: 1) dc input 
voltage, which corresponds to the system voltage, 2) ac output voltage for operation of the 1-
phase or 3-phase loads, 3) continuous power handling capability, and 4) surge power 
capability, that defines the amount of power it can effectively supply for brief periods of 
time. The designer selects the desired system voltage based on the trade-off between using 
higher voltage and lower current or lower voltage and higher current. The maximum demand 
and the surge demand values in VA or kVA are the outputs of the load assessment sub model. 
 
The maximum demand is based on the summation of the power demands of all loads that 
could operate simultaneously, while the surge demand is based on loads with larger starting 
currents (surges), especially inductive loads. The inverter is selected to meet these two 
requirements. That is, [44], [45]: 
maxDPINVC                                                                                                             (2.21) 
surgINVS SP                                                                                                             (2.22)  
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where PINVC is the continuous power rating of the inverter, Dmax is the maximum demand of 
ac loads, PINVS is the surge power rating of the inverter, and Ssurg is the surge demand of the 
highest rated ac load. 
 
Thus, the algorithm for this sub model allows the designer to choose the design parameters 
for an inverter to meet the desired specifications and make provision for future load growth 
based on his chosen load management strategy. A safety factor, SF, is also included to allow a 
small margin of oversize to account for uncertainty in the load data.  
 
2.6.5 Charge Controller 
 
The charge controller performs the following three main functions [45]: 1) it prevents the 
overcharging of the battery bank; 2) it prevents over discharge of the batteries, and 3) it 
performs system monitoring. The charge controller is sized to satisfy the following 
conditions: 
SCR II  25.1                                                                                                       (2.23) 
 
NomR VV                                                                                                        (2.24) 
where IR is the current rating, ISC is the short-circuit current of the PV array or sub-array 
being regulated; VR is the voltage rating, and VNom is the nominal voltage of the PV array. 
 
2.7 Case Study and Simulation Results 
This section deals with the following: 
 Testing of the tool for accuracy and robustness via the use of a case study, and 
 Discussions of the simulation results.  
 
2.7.1 Case Study  
 
Table 2.3 shows the electrical loads for a household, which is to be supplied with ac power 
by a sine wave inverter [46]. The load management strategy agreed with the client is that: 
  It is possible that any or all lights may be on at once. 
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  The computer may be on at any time, but the laser printer is used infrequently. 
  Ironing is not done at the same time as vacuum cleaning, washing or drilling. 
The location of the site is about 200 km from Perth in Western Australia. This case study 
describes the design of an off-grid PV-only power system that will meet these requirements 
using the developed software tool. 
 
2.7.2 Simulation Results and Discussions  
The input design parameters, entered via the user-interfaces of the sub models, used for the 
simulation of this case study are shown in Table 2.4. The simulation results which give the 
sizing values of the components are shown in Table 2.5. From Table 2.5, it is seen that the 
system’s daily energy requirement of 3.32kWh needs an array power of 1.123kW for an 
average peak sun hour of 5.8 at the site. To meet this requirement, an array topology of 1S x 
4P (1 series x 4 parallel connections) of 300Wp modules is required to give a plant installed 
capacity of 1.2kWP. 
 
Similarly, a battery bank with capacity of 821.30Ah is required to meet the requirement, even 
for 3 days without sunlight (autonomy) and the topology is 2S x 1P with the chosen battery of 
1025Ah @ C/100 discharge rate. For the power conditioners, an inverter with maximum 
demand of 2.8kVA and a surge demand of 4.8kVA is capable of meeting the load 
requirement and so also is a charge controller with a current rating of 40A. 
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Table 2.3:  Electrical loads for a Perth household [46]. 
Appliance Name Number Power (W) Surge Apparent 
Power (VA) 
Usage 
Hours 
Compact fluorescent 
lamps 
 
3 
 
15 
  
5.0 
Incandescent lamps 3 60  0.25 
370-litre refrigerator 1 200 1400 10.0 
TV/Stereo 1 40  1.5 
Computer 1 20  3.0 
Laser printer 1 500  0.5 
Vacuum cleaner 1 1000 3000 0.14 
Washing machine 1 300 2100 0.11 
Electric drill 1 600 1800 0.07 
Iron 1 1200  0.14 
 
 
 
Table 2.4:   Input design parameters. 
Design Parameters Chosen Value 
System voltage (V)  24.0 
Peak sun hours (PSH) for Perth 5.8 
Battery days of autonomy 3.0 
Maximum depth of discharge (DOD) 70% 
Chosen battery voltage (V) 12 
Chosen battery capacity (Ah) @ C/100 1025 
Charge/discharge efficiency of battery 85% 
Temperature derating factor for batteries 1.0 
Inverter efficiency, ηINV, 85% 
Safety factor for inverter sizing 10% 
Chosen module peak power (WP) 300 
Chosen module nominal voltage (V)  24 
Sub-system efficiency, ηSS, 75% 
Module derating factor for soiling & degradation    0.8 
Balance of systems (BOS) factor 1.3 
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Table 2.5: Simulation results - sizing parameters. 
System parameter Output value 
Total daily energy consumption (Wh) 3,323.0 
Peak array power required (W) 1,123.0 
Number of modules in parallel 4.0 
Number of modules in series  1.0 
Total number of modules 4.0 
Total battery capacity required (Ah)  821.30 
Number of batteries in parallel 1.0 
Number of batteries in series 2.0 
Total number of batteries in the bank  2.0 
Suggested inverter maximum demand (kVA) 2.8 
Suggested inverter surge demand (kVA) 4.8 
Suggested charge controller current rating (A)                  40.0 
 
 
 
2.8 Conclusions 
The first part of this chapter has reviewed the various PV cell technologies available in the 
market and presented a comparative analysis of them. An analysis of the photovoltaic cell is 
followed by the development of the simulation model using Matlab/Simulink software. The 
developed model has been subjected to the vagaries of temperature and irradiation and their 
effects on system performance studied. It is evident from the simulation studies using the 
developed model that: 1) the module output current is directly proportional to the solar 
intensity, 2) the module output voltage is inversely proportional to the ambient temperature, 
3) the module power has a positive linear relationship with the irradiation and a negative 
linear relationship with the ambient temperature, 4) module efficiency decreases with 
increasing ambient temperature, and 5) solar generation intermittency and variability are 
mainly due to the ever-changing irradiation and ambient temperature. 
 
The final part of this chapter has presented a robust, user-friendly design tool based on the 
Matlab/Simulink software. To ensure high level of reliability, the design procedure involved  
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three levels of iterative testing phases.  The unit-level testing phase was done repeatedly to 
ensure to satisfactory working of the individual programme units (the sub models) while the 
integration-level testing phase ensured compatibility of the various sub models. Finally, the 
system-level testing ensured system stability, functionality and robustness. Series of test-find 
fault-fix cycles were performed for each of these levels of testing. This three-level approach 
to reliability ensured the accuracy of the simulation results. 
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Chapter 3 
 Analysis, Design and Control of SEPIC DC-DC Converter for 
Photovoltaic Energy Harvesting 
 
3.1  Introduction  
Power converters are electronic circuits associated with the conversion, control and 
conditioning of electric power. The efficient conversion of energy from one stage to another 
is essential for renewable energy systems to achieve optimum performance. The variable and 
intermittent output of a photovoltaic power generator needs to be converted, controlled and 
conditioned properly before utilization in a stand-alone system or connection to the grid to 
avoid grid instability or failure [47]. 
 
The utilization of power electronics in renewable energy systems has grown in the last decade 
for the following reasons [48]: 
i) The development of fast semiconductor switches that are capable of handling high 
power and switching at high frequencies. This is especially the case with insulated 
gate bipolar transistors (IGBTs) and metal oxide semiconductor field effect 
transistors (MOSFETs). 
ii) The availability of microcontrollers and digital signal processors with capabilities 
for processing advanced and complex control algorithms. These offer the 
possibility of implementation of precise and fast control of system voltage, current 
and frequency.  
 
In a photovoltaic power system, a dc-dc conversion stage is followed by a dc-ac conversion 
stage to make the power suitable for ac load utilization. The dc-dc converter is responsible for 
boosting the PV array voltage up and ensuring maximum utilization of the PV power. It 
converts the variable output of the solar array into a regulated and stabilized output 
irrespective of load or input variations. The dc-dc converter has to provide a voltage high 
enough to meet the requirements of the dc-ac converter that is often connected to its output in 
39 
 
a two-stage cascaded connection. Different dc-dc converter topologies that can be used for 
PV applications include the following non-isolated converters [49], [50]: 
 Buck converter: this is a step-down topology that provides a lower output voltage 
than the input voltage. 
 Boost converter: this is a step-up topology which provides an output voltage higher 
than the input. 
 Buck-boost converter: the output voltage of this converter may be less than or greater 
than the input voltage and has a reverse polarity. 
 SEPIC (single ended primary inductance converter) converter: this is a boost-buck 
topology, and is the converter chosen for this study because of the features described 
later. 
 
Also, the isolated dc-dc converters which incorporate high frequency transformers to provide 
isolation between the input and the output are frequently used in PV applications. Some 
converters in this group include: half-bridge, full-bridge, fly-back, forward, and push-pull dc-
dc converters [49]. 
 
This chapter delves into the analysis and design of the SEPIC converter topology, which 
directly interfaces the solar array for this study. A detailed review of both dc analysis and the 
small signal analysis of the SEPIC converter is carried out first, then an 800W SEPIC 
converter is designed. This is followed by the development of a control strategy based on a 
single loop control. The designed SEPIC converter, the developed control system, and a two-
panel solar array - developed earlier in Chapter 2, are then integrated and used for simulation 
studies in the Simulink/SimPowerSystems platform. The developed simulation model is then 
used to investigate the dynamic responses of the PV system in both open-loop and closed-
loop operations. Responses to changes in duty cycle, input voltage fluctuations with changes 
in environmental variables – temperature and irradiation - are presented and discussed. 
 
3.2  Review of the Operation and Analysis of the SEPIC DC-DC Converter 
3.2.1 Features of the SEPIC Converter 
The Single Ended Primary Inductance Converter (SEPIC) is a dc-dc converter topology that 
has recently become of much interest to design engineers following the recent expiration of 
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its patent [50]. The SEPIC converter has been chosen for implementation of the dc-dc 
conversion stage in this study because of the following unique merits [51-53]: 
a. It has the ability to either step-up or step-down the input dc voltage.  
b. Unlike the traditional buck-boost converter, the SEPIC topology produces a non-
inverted output. That is, the output voltage has the same polarity as the input voltage. 
c. The input and output voltages are dc isolated by a coupling capacitor. With this 
capacitive isolation, failure of the power switch will short the input without affecting 
the output. Thus, the output load is protected. The capacitor also prevents unwanted 
current flow from the input supply to the output, thus overcoming the limitation of the 
simple boost converter. 
d. It has a true shutdown mode: when the power switch is turned off, its output drops to 
zero. 
e. It uses two low cost inductors to transfer energy from input to the output. 
f. It is operable over wide input voltage range. 
g. It needs low ESR (equivalent series resistance) capacitors and these are now widely 
available. 
h. It maintains the same ground reference for both input and output, which reduces 
control complexity. 
 
3.2.2 Operation of the SEPIC Converter 
A schematic circuit of the basic SEPIC topology is shown in Fig. 3.1. The operation of the 
SEPIC is better understood via its two modes of operation: Mode1 - when the power switch, 
Q1, is turned ON and Mode 2, when the power switch is turned OFF. These two modes are 
depicted in Figs. 3.2 and 3.3 below [51].  
D1L1 CP
CoutL2
Q1Vin Vout
-
-
+
+
RL
 
Fig. 3.1: Schematic circuit of the SEPIC converter.  
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Mode1 Operation: 
In Mode1 operation, the power switch, Q1, is turned ON and the diode, D1, is turned OFF, as 
in Fig. 3.2. When this occurs, the input inductor, L1, is charged from the input voltage source, 
Vin. The output inductor, L2, takes energy from the coupling capacitor, Cp, and the output 
capacitor, Cout, is left to supply the load current. Thus, L1 and L2 are both disconnected from 
the load when the switch is turned ON [53]. 
L1 CP
CoutL2Vin Vout-
-
+
+
RL
iL1
iCp
iQ1
iL2
iCout
+
-
+ - +
 
Fig. 3.2: Mode 1: Power switch turned ON, diode turned OFF. 
Mode2 Operation: 
In Mode2 operation, the power switch is turned OFF and the diode turned ON as in Fig. 3.3. 
When this occurs, the input inductor, L1, charges the coupling capacitor, Cp, and also supplies 
current to the load. The output inductor, L2, also supplies the load current during this mode 
and the output capacitor sees a burst of current during this time [53]. 
L1 CP
Cout
L2
Vin Vout
-
-
+
+
RL
iL1
iL2
iCout
+
-
+ - +VL1
VCp
VL2
 
Fig. 3.3: Mode 2: Power Switch turned OFF, diode turned ON.  
 
3.2.3 DC Analysis of the SEPIC Converter 
3.2.3.1 Derivation of Input/Output Voltage Relationship 
The derivation of the input/output transfer function is based on the following assumptions 
[51]: 
1. The inductor currents are continuous.  
2. The input and output inductors are large with constant currents. 
3. The capacitor values are large and they have constant voltages. 
42 
 
4. The operation is in steady state. 
5. The power switch is ON for time DT and OFF for time, (1-D) T, where D is the duty  
ratio and T is the switching period. 
6. The components are assumed ideal. 
 
A) Analysis for Mode1 Operation (Power Switch ON): 
When the power switch, Q1, is ON, the diode is reverse biased and is OFF and the resulting 
equivalent circuit is as in Fig. 3.2. Applying Kirchhoff’s voltage law, KVL, to this circuit 
gives [51]: 
 .021  LCpLin VVVV  
Since for periodic currents, the average voltage across an inductor  is zero, 
 .000  Cpin VV   
Thus, the average voltage across the capacitor, CP, is 
 inCp VV                                                                                                            (3.1)  
Also, from the equivalent circuit, the voltage across L1 for this ON interval, DT is given by: 
 inL VV 1                                                                                                            (3.2)  
 
B) Analysis for Mode 2 Operation (Power Switch OFF): 
When the power switch is OFF, the diode is ON and the equivalent circuit is as shown in Fig. 
3.3 above. Applying KVL to the outermost loop gives [51]: 
          .01  outCpLin VVVV                                                                                        (3.3) 
Substituting equation (3.1) into equation (3.3) gives 
 01  outinLin VVVV   
This simplifies to:                       
             outL VV 1                                                                                                (3.4) 
Since the average voltage across an inductor is zero for periodic waveform, combination of 
equations (3.2) and (3.4) give: 
 0)1()(  TDVDTV outin  
Giving the average output voltage as [51], [53]: 
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D
D
VV inout


1
                                                                                             (3.5)  
where D is the duty ratio. Equation (3.5) can be re-written as: 
         
ino
out
VV
V
D

                                                                                                    (3.6)    
 
3.2.3.2 Determination of Minimum Inductance for Continuous Conduction 
From power balance relation, oin PP  , where Pin is the input power from the dc source and Po 
is the output power. Therefore, 
outoutinin IVIV                                                                                             (3.7) 
And the input current, Iin, is the same as in inductor, L1.Thus, equation (3.7) becomes 
outoutLin IVIV  1                                                                                             (3.8) 
Thus, the average inductor current which is also the source current is given by [50], [51]: 
in
outout
inL
V
IV
II

1                                                                                            (3.9) 
The peak-to-peak ripple current, ∆IL1, is found from the inductor relation when the switch is 
closed, as [51]: 
 
DT
i
L
t
i
L
dt
di
LVV LLLinL
1
1
1
1
1
11




                                                                         (3.10) 
Solving for ∆iL1 gives, 
 
s
inin
L
fL
DV
L
TDV
i





11
1                                                                                     (3.11) 
Where fs is the switching frequency. Therefore, from equation (3.11), the desired value of 
inductance, L1, for continuous conduction is given by [50], [51]: 
 
sL
in
fi
DV
L



1
1
                                                                                (3.12) 
Similar analysis for inductor, L2, gives the critical value for continuous conduction as  
 
sL
IN
fi
DV
L



2
2
                                                                                (3.13) 
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3.2.3.3 Output Voltage Ripple of the SEPIC Converter 
In practice, due to the finite value of the output capacitance, some fluctuations in output 
voltage or ripple exist [50], [51]. The peak-to-peak voltage, ∆Vo, of the output capacitor can 
be calculated from the capacitor output waveform. From the capacitor charge relationship, the 
charge in the capacitor is given by: 
outout
out VCDT
R
V
Q   
This gives the ripple voltage as: 
sout
out
out
out
o
fCR
DV
CR
TDV
V





                                                                      (3.14) 
This can be expressed as: 
 
souto
out
fCR
D
V
V



                                                                                            (3.15) 
This gives the output capacitance as: 
s
out
out
out
f
V
V
R
D
C




                                                                                           (3.16) 
Similarly, for the coupling capacitor, Cp, the value of capacitance is given by: 
s
out
Cp
p
f
V
V
R
D
C




                                                                                            (3.17)  
 
3.3  Small Signal Model of the SEPIC Converter  
To design the complete SEPIC converter with the integrated feedback control, a dynamic 
model of the converter is required. By the use of the ac equivalent circuit model, the 
dynamics introduced by the inductors, capacitors and the semiconductor devices are taken 
into account. This dynamic model provides physical insight into the system’s behaviour. The 
developed small signal model can be solved using conventional circuit techniques to find the 
small-signal transfer function, output impedance and other frequency dependent properties. 
The three popular analytical approaches used in small-signal modelling are [53-56]: 
 Circuit averaging; 
 State-space averaging; and 
 PWM switch model. 
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The best way to analyse the ac characteristics of the SEPIC converter is by using the PWM 
switch model [53].According to [53], the analysis of the SEPIC converter, which is a fourth 
order converter, yields the following result for the control-to-output transfer function: 
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Where the first resonance is given by: 
 2121'
2
21
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The first quality factor is given by: 
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The second resonance is given by: 
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And the second quality factor is given by: 
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Also, 
C1 = Cp of Fig. 3.1; C2 = Cout of Fig. 3.1; D is the duty cycle and D' = 1-D. 
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3.4 Design of the Proposed 800W SEPIC Converter for the PV System 
Design Specifications: 
Input voltage range, Vin: 12 – 48VDC. 
Output voltage, Vout : 180VDC. 
Output power, Pout:  800W.   
Current ripple, ΔIL: 30% of Iin. 
Voltage ripple, ΔVout: 2%. 
Desired efficiency, η: > 90% 
 
3.4.1 Power Components Sizing 
Step 1:  Choice of Switching Frequency: 
The three factors that influenced the choice of the switching frequency for this design are 
[50], [54]: 
 The switching power losses, 
 The size of the components – inductors and capacitors, 
 The limitations of the controller, DS1104, used for the implementation of the 
prototype. This is considered in details in Chapter 7. 
To satisfy these three requirements, a switching frequency, Fs, of 25 kHz is chosen for this 
design. 
That is,  
           Fs = 25 kHz. 
 
Step 2: Calculation of the Operating Duty Cycle: 
The minimum value of the duty cycle, Dmin is evaluated using the relationship [55]: 
dinout
dout
VVV
VV
D



(max)
min                                                                                (3.23) 
Where Vd is the voltage drop across the diode, D1. Substituting values in equation (3.23) 
yields: 
79.0
5.048180
5.0180
min 


D  
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 where Vd = 0.5.  
79.0min D  
Similarly, the maximum Duty cycle, Dmax, is evaluated using the relationship [55]: 
dinout
dout
VVV
VV
D



(min)
max                                                                                (3.24) 
Substituting values gives 
93.0
5.012180
5.0180
max 


D  
93.0max D  
 
Step 3: Calculation of the Inductances: 
From the specifications, the inductor ripple current, ∆IL = 30% of maximum input current at 
minimum input voltage, Vin. That is, 
inL II %30                                                                                                          (3.25) 
From the power balance relation,  
inout PP                                                                                                            (3.26)
 
Therefore, 
(min)in
outout
in
V
IV
I




                                                                                                   (3.27)
 
From equations (3.25) and (3.27), 
(min)
3.0
%30
in
outout
inL
V
IV
II




                                                                                  (3.28)
 
Where Iout = 800/180 = 4.44 Amperes. 
Substituting values in equation (3.28) yields: 
.2.22
129.0
44.41803.0
AIL 


  
The minimum value of inductance is given by:  
sL
IN
fI
DV
LL



max(min)
21
                                                                                          (3.29) 
Substituting values in equation (3.29) gives: 
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        HLL 12.201000252.22
93.012
(min)2(min)1  

   
To achieve 90% efficiency at the minimum input voltage, the power loss in the inductor has 
to be limited to around 2 - 3% of the total output power. Using 3% loss in the inductor, L1 
gives: 
(max)(max)1 03.0 ooL IVP                                                                                 (3.30)    
= W2444.418003.0   
Assuming an 80 - 20% ratio in the inductor losses between resistive and core losses, the DC 
resistance (DCR) of the inductor has to be less than [50]: 
2(max)
18.0
in
L
I
P
DCR

                                                                                                     (3.31) 
Where, 
(min)
(max)
in
outout
in
V
IV
I




                                                                              (3.32) 
Therefore, from (3.31) and (3.32), 
                           DCR < 0.004 Ω   
Also, the inductors are chosen such that their peak current values meet the following 
conditions: 
LoutpkL III  5.0)(                                                                                       (3.33) 
Substituting values gives: 
AAI pkL 5.15)2.225.044.4()(   
AI pkL 5.15)(   
Thus, the inductors L1 and L2 are chosen to satisfy these three conditions: 
a) Inductance value must be greater than 20.12µH.  
b) Must have a dc resistance of about 0.004 Ω. The nearest practical value is chosen. 
c) A saturation current greater than: 15.5A. 
The actual values used in simulation and for the prototype, to satisfy these conditions, are: 
L1 = 85 µH. 
 L2 = 85µH. 
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Step 4: Calculation of the Coupling Capacitor Value: 
The selection of this capacitor depends on three factors: 
(i) The rms current, which is given by [55] 
(min)
)(
in
Dout
outrmsCp
V
VV
II

                                                                                                 (3.34) 
  = 
12
5.0180
44.4

   
  = 12.2 A 
(ii) The peak-to- peak ripple voltage on Cp , which is given by: 
 
sP
out
C
fC
DI
V
p 

 max                                                                                                         (3.35) 
This gives: 
sC
out
P
fV
DI
C
P


 max                                                                                              (3.36) 
Design assumption: Let ripple voltage = 5% of minimum input voltage. 
That is,    
VVV inC p 6.012100
5
%5    
Therefore from equation (3.36): 
000,256.0
93.044.4


PC  
   = 275µF 
(iii) Voltage rating greater than the maximum input voltage of 48VDC. 
Thus the coupling capacitor, Cp, must satisfy the following three conditions: 
a) Current Rating must be greater than 12.2A. 
b) Capacitance must be greater than 275µF. 
c) Voltage rating must be greater than 48VDC. 
The capacitor chosen for this design to satisfy these conditions is: 
    Cp = 330 µF 
 
Step 5: Calculation of the Output Capacitor Value:  
The output capacitor must meet the following requirements: 
(i) The rms current rating, ICout(rms) , must satisfy the condition [50], [55]: 
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(min)
)(
in
dout
outC
V
VV
II
rmsout

                                                                                             (3.37) 
Substituting values give 
12
5.0180
44.4
)(


rmsoutC
I  
Therefore,  AI
rmsoutC
2.17
)(
  
The equivalent series resistance, ESR, must satisfy the following condition: 
 
)(2)(1
5.0
pkpk LL
ripple
II
V
ESR


                                                                                       (3.38) 
Assume,  outripple VV %2  
Therefore, 
5.155.15
5.018002.0


ESR  
    mESR 58  
(ii) The capacitance must satisfy [51]: 
sripple
out
out
fV
DI
C



5.0
max                                                                                       (3.39) 
Substituting values yields: 
  FCout 76.91
000,255.018002.0
93.044.4



                                 
Therefore, the capacitor, Cout, must satisfy the following conditions: 
i) Current capability >> 17.2A. 
ii) ESR << 58m  
iii) Capacitance >> 91.76µF. 
Therefore, the practical value chosen to satisfy these conditions is: 
             Cout = 100 µF 
 
Step 6:  Sizing the Output Diode: 
The diode is selected to meet these two requirements: 
i) The current rating ,ID, must satisfy the relation: 
)(
)(2)(1 pkpk LLD
III                                                                                              (3.40) 
Substituting values gives, 
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.31)5.155.15( AID   
ii) The peak inverse voltage, PIV, rating must satisfy this condition: 
)( (max) Doutin VVVPIV                                                                                       (3.41) 
Substituting values give: 
VPIV 5.228)5.018048(   
Using a safety margin of 15%, the PIV rating of the Schottky diode becomes: 1.15 x 228.5 = 
263V.Thus, for this design, the diode chosen is a: 
                                    270V, 35A Schottky diode. 
 
Step 7: Sizing the IGBT Power Switch:  
The switch voltage requirement, VSQ, is given by: 
)( (max) DoutinSQ VVVV   
VV
VV
SQ
SQ
5.228
5.228)5.018048(


 
Using a safety margin of 15% as in the case of the diode, VSQ =1.15x228.5 =263V, 
The switch current requirement, ISQ, is given by: 
 )( )(2)(1 pkLpkLSQ III   
 
AI
AI
SQ
SQ
31
31)5.155.15(


 
Thus, for this design, the power switch chosen is a: 
                                       600V, 35A IGBT switch. 
 
3.5 The Proposed Closed-loop Control 
The output voltage of the SEPIC converter must be kept constant regardless of changes in the 
input voltage from the photovoltaic array, which is ever-changing, or changes in the system’s 
loading or variations in component values. The closed-loop control circuit has to be designed 
with care, since the duty cycle has to be continually varied to maintain the output voltage at 
the desired set value. An effective closed-loop control would ensure good transient 
performance by reducing transients and good steady state performance by effectively tracking 
the reference output value [54]. In addition, such a system should be stable. To accomplish 
these functions, a Proportional-plus-Integral (PI) controller is designed for this study. 
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A block diagram of a single loop feedback system based on the voltage mode control is 
shown in Fig. 3.4. While Fig. 3.4(a) shows the single loop control of the SEPIC converter, 
Fig. 3.4(b) shows the functional block diagram of the associated feedback loop.  The output 
voltage, vo(t) is measured using a voltage sensor. In the prototype implementation discussed 
in Chapter 7 of this thesis, the sensor circuit is based on the Hall-effect voltage sensor with 
integrated signal conditioner/amplifier using the instrumentation amplifier - INA118. The 
sensor output signal is compared with the reference input voltage, vref. The aim is to make the 
sensor output equal to the reference voltage regardless of the disturbances or component 
variations in the PWM, the compensator or the power converter components.  
 
The error signal, ve(t) is the difference between the reference input and the sensor output. The 
error signal is used by the compensator to generate the control signal, vc(t). The compensator 
used for this project is based on the proportional-plus-integral (PI) controller, which 
conditions the error signal to achieve the desired transient response, steady state value and 
required system stability. The details of this controller are discussed in the subsection below. 
The control signal is then used in the pulse width modulator, PWM, to compare a triangular 
carrier signal waveform. The output of the PWM block is a series of pulses, the duty cycle, d, 
used to control the power switch. 
D1
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           (b) 
Fig. 3.4:  Block diagram of the single-loop control for the SEPIC converter: (a) SEPIC 
converter with feedback loop; (b) functional block diagram of the feedback system. 
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3.5.1 Proportional-plus-Integral (PI) Controller Design 
The key design goals of any dc-dc converter are to achieve the following [54], [56]: 
 Steady output voltage in the face of load current variations; 
 Steady output voltage in the face of input voltage variations; 
 Desirable transient response time for disturbances in the load current or input voltage 
so as to quickly restore the output voltage to the desired value. 
 Limited overshoot in the transient response. 
 
Meeting each of these requirements imposes constraints on the loop gain of Fig. 3.4(b). 
Consequently, the design of any dc-dc power supply feedback control system invariably 
involves the modification of the loop gain. This modification is done via the compensating 
network. The compensation methodology adopted for the SEPIC converter feedback control 
system discussed in this chapter is based on the lag compensator, popularly known as the 
Proportional-plus-integral, or PI controller. By increasing the low-frequency gain, the 
inclusion of the PI controller ensures that the steady state output voltage is perfectly regulated 
by the rejection of disturbances. The PI controller has the transfer function [57], [58]: 
 
s
K
KG ipsc                                                                                                     (3.42) 
Where: 
Gc(s) represents the controller transfer function; Kp represents the proportional term gain; Ki 
represents the integral term gain. The block diagram representation of the digital PI 
controller, which is realised in software using the Simulink software, is shown in Fig.3.5.  
 
From Fig. 3.4(b) and the previous analysis of Section 3.3 on the small signal modelling of the 
SEPIC converter, the analytical expression for the loop gain of the system is given by the 
cascade connection of all the blocks in (3.43). 
 
 
Fig. 3.5: Block diagram representation of the digital PI controller. 
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System loop gain = [converter open-loop control-to-output transfer function] x [PI controller 
transfer function] x [feedback gain] x [PWM gain]                                                           (3.43)                                                          
That is, 
Loop gain= [equation (3.18)] x [equation (3.42)] x [feedback gain] x [PWM gain]        (3.44)             
In the design approach adopted for this paper, the proportional gain, Kp, and the integral gain, 
Ki, of the PI controller are tuned in Simulink to meet the desired system response. The values 
of these parameters are optimised using the method of Ziegler and Nichols [60], [61]. Some 
iteration is needed to tune these control parameters so that the closed-loop system gives 
satisfactory results during start up and abrupt load or input changes. The values used for the 
simulation studies in Section 3.6 are: 
Kp =   100;   Ki =   0.05. 
 
3.6 Simulation Studies of the SEPIC Converter based PV System 
3.6.1 Development of Dynamic Models for Simulation 
To design a complete dc-dc converter incorporating the feedback system, a dynamic model of 
the switching converter is needed. The model is implemented using a dynamic system 
software simulator – in this case, the SimPowerSystems of Matlab/Simulink. To use 
component models that approximate the physical behaviour of the devices, the non-ideal 
component models of the IGBT-based power switch and the power diode of the 
SimPowerSystems software are used as shown in Figs 3.6 and 3.7. Such models provide 
physical insight into the switching transitions, switching losses, instantaneous voltage and 
current stresses, and responses to load or input transients.  
 
Figs 3.6 and 3.7 integrate the two-panel PV array model developed earlier in Chapter 2, as 
the dc source, and the 800W SEPIC converter designed in Section 3.4 for the simulation 
models. The use of the PV array model is necessary to capture the effects of changing 
environmental variables on system performance. While Fig. 3.6 depicts the open-loop model, 
Fig. 3.7 shows the closed-loop model. The feedback loop of Fig. 3.7 incorporates the 
designed PI controller discussed in previous section, the unit delay to model the calculation 
delays associated with the PWM process and analogue-to-digital conversion, and the PWM 
block for the generation of the pulse train used to drive the IGBT-based power switch. 
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The variable output voltage of the two-panel solar array is boosted up to generate a regulated 
dc voltage of 180V – as indicated by the reference value, Vref. The regulated output voltage 
serves as the input to the other subsystems discussed in subsequent sections – the 
bidirectional dc/dc converter, and the dc-ac converter. To achieve voltage regulation, the 
voltage mode rather than the current mode technique is used in this simulation studies. This 
technique is used in this section to show its capability. However, a superior control technique 
using a multi-loop approach integrating the current mode control and the maximum power 
point tracking technique is discussed and implemented in Chapter 4. 
 
 
Fig. 3.6: Simulation model for open loop operation: SEPIC converter with integrated two-
panel PV array in Simulink/SimPowerSystems software.  
 
Fig. 3.7: Simulation model for closed-loop operation: SEPIC converter with integrated two-
panel PV array in Simulink/SimPowerSystems software. 
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3.7 Simulation Results and Discussions 
The responses of the PV power conversion system in both open-loop and closed-loop systems 
are investigated through simulations as discussed below. 
 
3.7.1 Effect of Duty Cycle Variations on Open-loop Operation 
The three major parameters that affect the output voltage of any dc power system – input 
voltage variation, load variations, and changes in the duty cycle values – are investigated for 
operation in the open-loop mode, Fig. 3.6. Specifically, Fig. 3.8 shows the variation in output 
voltage of the PV system with changes in the duty cycle. It is observed that increasing the 
duty cycle increases the output voltage, and similarly decreasing the duty cycle decreases the 
output voltage. This is the same situation with variations in input voltage. The essence of Fig. 
3.8 is to show that without a controlled feedback loop, the system’s performance in terms of 
voltage regulation and stability cannot be guaranteed. 
 
3.7.2 Output Voltage Regulation 
The closed-loop operation of Fig. 3.7 is simulated with a reference voltage of 180V, as 
shown. With the parameters of the PI controller tuned and the switching frequency of 25 
kHz, the output voltage is shown in Fig. 3.9 for an input voltage of 44.2V at 1000W/m2 and 
25oC (standard test condition) from the PV solar array – first subplot. An overshoot of 
approximately 240V occurs during the transient response when the simulation is first started 
 
 
Fig. 3.8: Variation of output voltage with duty cycle for open loop operation. 
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Fig. 3.9: Regulated output voltage of the SEPIC converter for a given PV array voltage. Top 
subplot shows the output of the PV array; bottom subplot shows the regulated output voltage 
of the converter.  
 
(system start-up). The simulation shows that it takes approximately 1.1 seconds for the output 
voltage to reach ±2% of the desired output voltage of 180V. Thus, the steady-state error is 
almost eliminated. Also, comparison with the open-loop response of Fig.3.8 shows that the 
closed loop systems apart from providing the desired regulated voltage has a faster transient 
response, and hence attains the steady state value faster following system start-up. 
 
 
3.7.3 Robustness Analysis: Input Voltage Fluctuations. 
The two major environmental variables that affect the output of a PV array are temperature 
and irradiation. The response of the controlled converter to changes in the output voltage of 
the PV array occasioned by changes in the ambient temperature is considered in this section. 
The topmost subplot in Fig. 3.10 shows a drop in the ambient temperature from 25oC to 15oC, 
at step time 5seconds. This drop in temperature results in an increase in the output voltage of 
the PV array from 44.2V to 45.8V – shown in the middle subplot. For this drop in 
temperature and the associated rise in the output voltage of the PV array, the output voltage 
of the SEPIC converter (bottom subplot) is regulated at the desired output voltage of 180V. 
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The transient response and the steady-state error are within the desired ranges. This shows the 
robustness of the PI controlled PV system. 
 
Fig. 3.10: Regulated output voltage for rapid drop in the ambient temperature. Topmost 
subplot is the drop in ambient temperature; middle subplot shows accompanying rise in PV 
output; bottom subplot is the regulated response of the converter to these changes.  
 
3.8 Conclusions 
Effectively converting the “raw energy” from sunlight into usable electrical energy requires a 
dc-dc converter. This chapter has presented the design and modelling of such a converter 
based on the SEPIC topology. The designed converter is integrated with a PV array model to 
study the performance of a PV power plant under open-loop and closed-loop controls. The 
open-loop PV power plant is seen to be sensitive to input disturbances – input voltage 
variations, system load changes, duty cycle variations and component variations – and lacks 
the ability to correct these disturbances. On the other hand, the closed-loop system 
compensates for these disturbances. The closed-loop offers the PV power plant greater 
accuracy, and the transient response and the steady-state error are more conveniently 
controlled using a compensator – a PI controller in this simulation. Moreover, any adjustment 
of the PI compensator parameters required to achieve a desired response can be made by 
changes in software. 
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Chapter 4 
Maximum Power Point Tracking of Photovoltaic Modules and Closed 
Loop Control Techniques for DC-DC Power Converters. 
 
4.1  Introduction 
The power output of any photovoltaic module is a function of environmental variables like 
insolation (incident solar radiation), temperature, shading (from trees and cloud cover) and 
load conditions [62]. However, insolation and temperature conditions are the prime variables. 
Thus, the current-voltage (I-V) characteristics and the power-voltage (P-V) characteristics of 
solar modules are affected by the insolation and temperature levels. The output current and 
hence the output power increases linearly with insolation while the output voltage and hence 
the output power decreases with increasing temperature. These two environmental variables 
change constantly throughout the day and consequently give rise to the intermittency and 
variability associated with the production of energy by solar modules. However, the PV 
module has a single operating point where the values of the current and voltage of the module 
result in a maximum power output [62-64]. Fig. 4.1 and 4.2 show such an operating point for 
the current-voltage characteristics and power-voltage characteristics. As is seen in the figures, 
such a maximum power point (MPP) occurs at the knee of the curve.  At this point, the 
module delivers the maximum power from the source to its load [64]. Ensuring that the PV 
module operates at this desired MPP and hence at the highest efficiency, requires a robust 
control strategy to track this ever-changing point [65], [66]. 
  
This tracking task is often implemented using maximum power point tracking (MPPT) 
control algorithm – several of which exist in the literature [67], [68].  Extraction of this 
maximum power is often done in conjunction with a power conditioning unit (dc-dc 
converter or dc-ac converters) as the interface between the PV modules and the system 
electrical load [62], [69]. Such power conditioning unit, in addition to ensuring operation at 
the MPP must also ensure the regulation of the output voltage and current irrespective of load 
and input voltage variations. Realisation of this robust regulation function requires the use of 
a closed-loop feedback system – which was briefly introduced in Chapter 3. A robust closed-
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loop operation requires the use of current-mode control methodology rather than the voltage-
mode approach, which was used earlier in the previous chapter. 
 
This chapter discusses these two control approaches that ensure that the SEPIC converter 
based PV power system operates: 1) efficiently by extracting the maximum available power 
from the PV module and, 2) offers robust regulation of the output voltage and current using 
current-mode technique. Firstly, a review of the existing MPPT techniques is carried out, 
highlighting the pros and cons of each approach. This is followed by a review of some 
current-mode control methodologies. Thirdly, a robust multi-loop control system 
incorporating the MPPT and current-mode control is proposed and used to control the SEPIC 
converter and the PV array output. Finally, the performance of the proposed control system is 
studied via simulations using the simulation model developed in the 
Simulink/SimPowerSystems software.  
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Fig. 4.1: The I-V curve of a PV module showing the maximum power point at 0.8 sun 
(800W/m2). 
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Fig. 4.2: The P-V curve of a PV module showing the maximum power point at 0.8 sun 
(800W/m2). 
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4.2   Review of MPPT Techniques 
As shown in Fig. 4.1 and Fig. 4.2, the nonlinear characteristics of the PV module give rise to 
a unique maximum power point (MPP) at which the module delivers the highest output 
power to the load and hence operates most efficiently. The decrease of current in the I-V 
curve of Fig. 4.1 beyond the MPP and the decrease of power in the P-V curve of Fig. 4.2 
beyond the MPP can be explained by the inherent characteristics of the p-n junction diode 
which is the basic building block of PV cells and, hence modules. In trying to track this MPP 
that depends heavily on the ever-changing environmental temperature and solar radiation, the 
searching algorithm aims to operate the converter in such a way that the current and voltage 
of the PV module is set within a specified range [65], [66], [70]. 
 
Different maximum power point tracking (MPPT) algorithms are characterised by factors 
such as [64], [69]: speed of response, tracking accuracy, ease of implementation, cost, steady 
state and transient response, digital or analogue implementation, range of effectiveness, and 
usage of sensors. The subsections below review some of the popular MPPT techniques, 
highlighting their pros and cons. 
 
4.2.1 Perturb-and-Observe (P&0) Technique 
The P & O technique [71-74] is the most commonly used MPPT tracking algorithm because 
of its ease of implementation. It is based on a hill climbing approach to the maximum power 
point of the power-voltage characteristics of the PV module as illustrated in Fig. 4.3. It uses 
the fact that the slope of such a curve is zero at the MPP, positive on the left hand side of the 
MPP (increasing power zone), and negative on the right hand side of the MPP (decreasing 
power zone) [71-74]. This is explained mathematically by equations (4.1- 4.3) [73], [74]. 
0
dV
dP
      At the MPP.                                                                                             (4.1) 
0
dV
dP
   Left side of the MPP.                                                                                  (4.2)   
0
dV
dP
 Right side of MPP.                                                                                       (4.3) 
The operating criterion of this algorithm is based on the perturbation (increase or decrease) of 
the solar PV module variable of interest - either voltage or current. If the variable (say 
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voltage) is perturbed in a given direction, the algorithm checks for a corresponding increase 
or decrease in the array power by comparing it with that of the previous perturbation cycle. If 
an increase is detected, it means the operating point is on the left side of the MPP and 
therefore the operating voltage must be further perturbed in the same direction. Otherwise, 
for power decrease, the operating point is on the right side of MPP and therefore operating 
voltage must be perturbed in the reverse direction. This iterative process is repeated until the 
MPP is tracked. The flowchart for the algorithm is illustrated in Fig.4.4. 
 
The P&O technique offers the following advantages [72], [73]: 
 Ease of implementation 
 Low cost of implementation. 
The disadvantages include: [72-74]: 
 Energy losses arising from oscillation of operating point around the MPP at steady 
state operation. 
 In rapidly changing atmospheric conditions, the P&O algorithm performance becomes 
very questionable since it exhibits slow dynamic response. 
 Slow tracking speed. 
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Fig. 4.3: Illustration of the P&O MPPT technique. 
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Fig. 4.4:  Flowchart of conventional P&O algorithm. 
 
4.2.2 Improved Versions of the P&O Technique 
Many variations of the conventional P&O technique described above exist in the literature 
[72]. These variations attempt to overcome the shortcomings of the conventional P&O and 
improve the performance. These modified techniques often involve: 
 Using variable step size instead of fixed step size for perturbation. This is the so-
called Adaptive P&O technique [71]. 
 Use of larger or smaller fixed step size for the perturbation. Larger values cause 
oscillation while smaller values result in slow response [63]. Thus, the need for 
effective trade-off between fast response and oscillation often arises. 
 Utilization of the converter duty ratio as the perturbation signal instead of using the 
array voltage or current [71], [73]. 
 
4.2.3 Incremental Conductance Technique 
The Incremental Conductance Technique (ICT) is based on the fact that the MPP can be 
tracked accurately by comparing the incremental conductance (ΔI/ΔV) with the instantaneous 
conductance (I/V) of the PV array [75-81]. The sum of these two values is zero at MPP, 
negative on the right side of MPP and positive on the left side of MPP as shown in Fig.4.5. 
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Thus, the algorithm searches for the MPP using equations (4.4 – 4.6). That is, if the operating 
point is to the left of MPP, equation 4.4, increase the control variable and hence the duty 
cycle. 
   
V
I
V
I



                                                                                                            (4.4)  
Similarly, if he operating point is to right of MPP, equation 4.5, decrease the control variable 
and hence the duty cycle. 
    
V
I
V
I



                                                                                                             (4.5)   
And when the operating point is at MPP, equation 4.6, keep the previous value of the variable 
and hence the duty cycle. 
  
V
I
V
I



,                                                                                                          (4.6) 
 
The detailed operation of the algorithm is explained with the help of the flowchart in Fig.4.6. 
The algorithm starts its iterative process by obtaining the input voltage, V(t), and current, I(t), 
from the panel. These values are compared with values at the end of the preceding cycle,  
V(t-1) and I(t-1). Thus, the incremental change is [76]:                                                                                                  
).1()(  tVtVV                                                                                               (4.7) 
The next step in the cycle is the checking of the conditions given (equations 4.4 - 4.6) as 
explained before. In practice, it is difficult to satisfy equation 4.6 due to noise and errors and 
hence the condition is modified with good approximation by [66]: 
.)( 


V
I
V
I
abs
                                                                                      (4.8) 
Where ε is a positive small value. 
 
The Incremental conductance algorithm has the following advantages [75-78]: 
 High accuracy in tracking the MPP in rapidly changing environmental conditions.  
 Medium implementation complexity. 
The disadvantages of the method include [79-81]: 
 Increased hardware and software complexity when compared to the P&O algorithm. 
 Increased computational time occasioned by the complexity of the hardware. 
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Fig. 4.5: P-V curve of a PV array showing the three regions of the ICT search algorithm. 
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Fig. 4.6: Flowchart of Incremental Conductance Algorithm 
 
4.2.4 Ripple Correlation Control (RCC) Technique 
The switching actions of power converters (weather dc-dc or dc-ac) result in the generation of 
current and voltage ripples. These ripples are usually injected into the PV array line. The 
RCC technique uses these ripples to extract information about the power gradient and 
evaluate if the PV system is operating close to the maximum power point [82]. Thus, the 
RCC technique finds the correlation between the time derivative of the time-varying PV 
power and the time derivative of the time-varying array current or voltage. For a PV power 
curve (P-V characteristics) the RCC technique is explained by the following relationships 
[82], [83]: 
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mppv VV
dt
dV
dt
dP
 0                                                                                    (4.9) 
mppv VV
dt
dV
dt
dP
 0                                                                                 (4.10) 
mpVpv
V
dt
dV
x
dt
dP
 0                                                                                  (4.11) 
Where Vpv is the operating voltage and Vmp is the voltage at the MPP. 
 
Equation (4.9) shows that the operating point is below (to the left side) the MPP if the ripple 
voltage or the ripple current is increasing and the power is also increasing. Similarly (4.10) 
shows that the operating point is above (to the right side) the MPP if the ripple current or 
voltage is increasing while the power is decreasing. Equation (4.11) locates the MPP. Thus, 
it is seen that the phase relationship between the power ripple and the array voltage or 
current decides the tracking direction and the associated change in the duty ratio. 
Controlling the duty ratio of the converter based on the relationship in equations (4.12 - 
4.13) continuously tracks the MPP [82], [84]. 
  dt
dt
dV
dt
dP
Ktd  )(                                                                                              (4.12) 
dt
dt
dI
dt
dP
Ktd  )(                                                                                             (4.13) 
Where d is the duty ratio of the converter and K is a positive constant. Fig. 4.7 is an 
illustration of the implementation of the RCC MPPT technique.  
 
The RCC technique has the following advantages [82-85]: 
 Ease of implementation since the technique is PV array independent. That is, it yields 
parameter-insensitive MPPT of the PV system. 
 It offers fast tracking speed even under rapidly changing environmental conditions. 
 Low cost of implementation. 
 
However, the RCC technique has the following disadvantages: 
 The technique offers low accuracy; and 
 Unsuitable for high switching frequency. 
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Fig. 4.7: Implementation of RCC-based MPPT technique 
 
4.2.5 Fuzzy Logic Technique 
The advent of microcontrollers and digital signal processors (DSPs) has made fuzzy logic 
controllers (FLC) attractive in MPPT applications. This is because of their inherent 
advantages of: 1) having the ability to work on nonlinear systems, 2) not needing dynamic 
mathematical models, 3) ability to use imprecise inputs and 4) ability to control unstable 
systems [86].The basic structure of any fuzzy logic controller is shown in Fig.4.8, where the 
three major components are also shown. The fuzzification stage converts the input variables 
into linguistic variables based on the membership functions. The fuzzy inference engine 
processes the inputs according to the rules set and produces the fuzzy outputs while the 
defuzzication stage produces the crisp real value for the fuzzy output [86]. 
 
For fuzzy logic-based MPPT controller, the error (4.14), and the change of error, (4.15), are 
used as inputs to the fuzzifier since at MPP, dP/dV approaches zero [86]. 
)1()(
)1()(
)(



nVnV
nPnP
nE                                                                                  (4.14) 
)1()()(  nEnEnE                                                                                (4.15) 
The crisp input values of the error and change of error are then fuzzified into a set of fuzzy 
values by using appropriate membership functions. Based on the designed fuzzy rule base, 
the fuzzy inference engine derives a set of fuzzy results [87]. Finally, the output stage which 
is the defuzzifier combines and transforms the fuzzy results to a crisp output value. The 
defuzzification process produces an analogue output signal, a change in the duty ratio, which 
controls the power output of the MPPT system. Fig. 4.9 shows the implementation of FLC-
based MPPT system for a photovoltaic power plant [86], [88]. 
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Fig. 4.8: Main components of a fuzzy logic controller. 
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Fig. 4.9: Fuzzy logic controller-based MPPT implementation for a PV power plant. 
 
The advantages of the FLC-based MPPT include [86-88]:  
 Has more flexibility and intelligence than conventional MPPT techniques. 
 Effectively handles systems with nonlinearities and imprecise inputs. 
 Good performance under varying weather conditions. 
It has the major disadvantage of requiring more memory space for implementation when 
compared to other MPPT techniques. 
 
4.2.6 Fractional Open-Circuit Voltage-Based MPPT 
This technique is based on the fact that the voltage at the maximum power point, Vmpp, is 
proportional to the open circuit voltage, Voc, under varying irradiance and temperature 
conditions. That is, 
kVocVmpp                                                                                                        (4.16)  
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Where k, is a constant which is dependent on the characteristics of the PV panel. This control 
technique requires measurement of the Voc and Vmpp at different irradiance and temperature 
levels for the determination of the constant. Generally this value is between 0.71 and 0.78 
[69]. With the determined value of the constant, the voltage at the maximum power point is 
easily determined from (4.16). To overcome problems associated with the constant 
disconnection of the PV output terminals to take measurements of Voc, pilot cells which are 
exposed to the same environmental conditions are used. 
 
This technique has the advantages of ease of implementation because it does not require 
complex control system and it is cheap to implement [69]. The disadvantages of the 
technique include [69], [70]: 
 Temporary loss of power as a result of disconnection of PV array from the converter 
when taking measurements. 
 Use of extra pilot cells for measurement. 
 Unreliable performance under partial shading conditions. 
 
4.3 Review of Closed Loop Control Techniques for  PV Converters 
To obtain a precise and well-regulated output voltage that is irresponsive to load changes and 
input voltage changes, a feedback technique is always used in modern switch-mode power 
converters [49]. For pulse-width modulation (PWM) based converters, while the early 
converters used only voltage-mode control technique, modern converters rely heavily on the 
use of the current-mode control technique [49]. The subsections below briefly explain the 
working principles of these two broad approaches to the control of power converters. 
 
4.3.1 Voltage Mode Control 
This control approach was earlier briefly introduced in Chapter 3. In this control approach, 
the output voltage to be regulated is sensed and fed back through an amplifier. For a PWM 
controlled converter, the feedback signal is then compared with a precision reference voltage 
[49], [89]. The comparator generates an error voltage, ve, which is fed to the compensator 
network to generate the input to the pulse width modulator. The pulse width modulator which 
has an embedded saw tooth reference signal, Vcr, then generates the switching pulses used to 
control the converter. That is [89], 
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e
V
v
D                                                                                                           (4.17) 
Where D is the duty cycle of the switching pulses. From equation (4.17) it is seen that when 
the output voltage is lower than the desired dc value (reference voltage), a higher error 
voltage is produced and consequently the duty cycle is increased to cause a subsequent 
increase in the output voltage. The opposite happens when the output voltage is higher than 
the reference voltage. Thus, by constantly controlling D, the output voltage is regulated [49].  
The advantages of the voltage mode control are [89]: 1) ease of implementation and 
simplicity and, 2) good load regulation. The shortcomings of this method include [49], [50]: 
 Slower line regulation reaction because changes in input must first be translated into 
changes in output voltage and then fed back before corrective action is taken. 
 The slower response makes it unsuitable, when used alone, in PV applications that 
are characterized by fast dynamic changes. 
 
4.3.2 Current Mode Control Technique 
Current mode control is one of the mostly used control techniques employed in the control of 
switch-mode power converters. It relies on the use of a current loop feedback in addition to 
the voltage loop. This multiple-loop approach to control uses either the inductor or switch 
current and the output voltage error signal as the control variables. The use of multiple 
control variables results in improved line and load transient response [85], [90].These 
variables are used to generate inputs to the PWM modulator or gate pulses which are the final 
switching signals. Several variants of the current mode control exist in the literature [90-94]. 
A short review of some of the variants is presented in the subsections below. 
 
4.3.2.1 Peak Current Control 
While the conventional voltage-mode control has only one feedback loop with the output 
voltage as the control variable, the peak current control methodology utilizes the inductor 
current as an additional control variable, and thus achieves an improved input transient 
response [85], [90]. Fig. 4.10 (a) shows a variant of the peak-current control method applied 
to a SEPIC converter. In the inner loop (red dotted enclosure), the resistor, Rc, senses the 
inductor current, iL, to generate the voltage, vc, which is the feedback control variable for this 
loop. The outer loop (dotted green enclosure) uses the feedback control variable, ve, which is 
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the amplified error signal between the desired output voltage, Vref, and the actual output 
voltage, Vo.  
 
Fig. 4.10(b) depicts the waveforms involved in peak-current control and explains the 
operation. At the beginning of the switching cycle the switch Q1 is turned ON and the diode, 
D1, turned OFF. Turning ON Q1 causes the inductor current, iL, and the associated voltage 
drop, vc, across the sensing resistor to increase linearly from the initial value. When vc 
increases to ve, the amplified error signal from the outer loop of the voltage mode control, Q1 
is turned OFF and D1 is turned ON. This makes iL and vc to decrease linearly until the end of 
the switching cycle. Thus, the meetings of the peak of vc with ve control the switching of Q1 
[93]. 
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Fig. 4.10: Peak-current-controlled SEPIC converter. (a) Circuit. (b) CCM operation 
waveforms. 
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4.3.2.2 Average Current Control 
This control scheme utilizes two cascaded loops that are dynamically separated, Fig. 4.11. 
The inner current loop is faster than the outer voltage loop [90]. Fig. 4.11 explains the 
operation of this control methodology. It is seen from Fig. 4.11 that the outer voltage loop 
(green enclosure) compares the sensed output voltage, Vo, with the fixed reference voltage, 
Vref. The difference, ve, is amplified by the compensator (a proportional-plus-integral 
network) to generate Kve as the error output. Kve acts as a current reference for the inner 
current loop (red enclosure), where the sensed current is acquired via the sense resistor, RS. 
The sensed voltage of RS, Vin, is compared with Kve to generate the output error, ie , which is 
amplified and used for comparison in the pulse-width modulator to generate the gate 
switching pulses. 
 
This mode of control has the following merits [90-92]: 
 Faster transient response to load and input voltage changes when compared to voltage 
mode control or peak current mode control. 
 Tracks the reference current with a high degree of accuracy. 
 Slope compensation is not necessary. 
 It offers excellent noise immunity. 
+
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Fig. 4.11: Principle of operation of the average current control mode. 
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4.3.2.3  Hysteresis Current Control 
Hysteresis control is the control method in which the controlled variable, often the inductor 
current, is maintained between pre-set upper and lower limits [50]. The control scheme turns 
the switch OFF when the inductor current reaches the upper limit and turns it OFF when the 
current reaches the lower limit. Thus, the average inductor current is set at the average of the 
upper and lower thresholds. Fig. 4.12 shows the hysteresis current control method applied to 
the SEPIC converter. The operation of the circuit is explained as follows [64]. The zero 
current detector, ZCD, is used to sense the inductor current, iL. Thus, the ZCD sets the SR-
latch and turns ON the switch to initiate a switching cycle. In addition to the inductor current, 
the switch current, iSQ, is also monitored and compared to a reference voltage that is 
proportional to the input voltage, VPV. When equality is achieved between the sensed current 
and the reference, the latch is reset and the switch is turned OFF. 
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Fig. 4.12: SEPIC converter with hysteresis current control method. 
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4.4 Proposed Multi-Loop System for MPPT and Current Mode Control 
4.4.1 Development of an Improved Incremental Conductance MPPT with 
Variable Step-size Perturbation 
As seen in Section 4.2.3, in the conventional incremental conductance MPPT technique, a 
fixed, small iteration step size determined by accuracy and tracking speed requirement is 
used. With the use of such a fixed iteration step size, it is very difficult to achieve rapid 
dynamic response and good steady state accuracy simultaneously. If this step size is 
increased, the tracking speed is increased but with reduced tracking accuracy [75-78]. 
Conversely, if the step size is reduced, the tracking speed is reduced but the tracking accuracy 
is increased. To overcome these limitations, this paper proposes an improved version of the 
incremental conductance MPPT technique based on the application of variable step size for 
the perturbation. Compared to the conventional incremental conductance technique which 
uses a fixed step size for perturbation, this improved algorithm simultaneously offers: 1) 
improved MPPT speed and, 2) improved MPPT accuracy. 
 
In the proposed approach, the perturbation step-size,  V, is tuned automatically based on the 
PV array characteristics. When the operating point is far from the MPP, the step size is 
automatically increased and the tracking speed is thus increased. Conversely, when the 
operating point is close to the MPP, the step size is automatically decreased with the resultant 
decrease of the steady state oscillation. The flowchart of this MPPT approach is shown in 
Fig. 4.13. The step size is defined by: 
)/( VPabsKV                                                                                       (4.18) 
Where K is the scaling factor. 
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Fig. 4.13: Flowchart of the proposed variable step size incremental conductance MPPT 
technique. 
 
4.4.2  Multi-loop System for MPPT and Current Mode Control 
A multi-loop, multi-objective control system is developed to achieve the following desired 
aims simultaneously: 
 Tracking the maximum power point using the modified incremental conductance 
technique introduced in the above section. 
 Regulation of the output voltage of the SEPIC converter in the face of changes in the 
input or load. 
 Controlling the inductor current. 
 Ensuring the system’s stability. 
Fig. 4.14 shows block diagram of the multi-loop system. In Fig. 4.14, the MPPT block of 
Loop 1, monitors the voltage and current at the terminals of the PV array and generates a 
reference voltage, Vmpp, which it uses to control the input voltage of the converter by forcing 
the PV array to operate at this voltage using the PI controller. The voltage controller of Loop 
2 ensures the regulation of the output voltage of the converter while the innermost loop, Loop 
3, ensures the control of the inductor current, iL, using the average current mode control 
technique. The PWM block then produces the pulse train that operates the gate of the switch. 
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Fig. 4.14: Block diagram of the multi-loop system for MPPT and current mode control. 
 
4.5 Simulation Model  
A simulation model is developed using MATLAB/Simulink/SimPowerSystems dynamic 
system simulation software in order to verify the operation of the control system developed in 
the previous section. The Simulink model of the photovoltaic module, developed earlier in 
Chapter 2, is used as the PV source. The model takes solar irradiation and ambient 
temperature as inputs and generates PV module current and voltage, and hence module power 
as output. Different parameters of the BP 380 module used for the study such as the open 
circuit voltage, short circuit current, voltage and current at the maximum power point and the 
temperature-based coefficients (alpha, beta, and gamma) can also be set in the model. The 
parameters of the BP 380 solar module used are shown in Table 4.1. 
 
The SEPIC converter designed earlier in Chapter 3 is used as the dc-dc power conversion 
interface. The dc-dc converter is to generate the 180V output and implement the MPPT of the 
PV module based on the tracking algorithm. The PV model uses the ambient temperature and 
insolation to generate the voltage, current and hence power, which characterises the BP 380 
solar module used for the study. The produced power is processed by the SEPIC converter. 
For the implementation of the control strategy for the MPPT and current-mode operation, the 
PV module voltage, current, power, and the inductor current are continuously monitored. To 
transfer the MPPT algorithm into the Simulink platform, the flowchart of Fig.4.13 is coded 
using the Embedded Matlab function block of Simulink. This MPPT controller generates a 
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reference voltage. This reference voltage, the inductor current and the feedback voltage are 
used in the multi-loop feedback system. Fig. 4.15 shows the simulation model for the MPPT 
with the integrated current mode control. 
 
 
Fig. 4.15: Simulation model of the PV system with MPPT and current mode control in 
Simulink. 
 
   Table 4.1 Electrical parameters of BP 380 solar module @ STC. 
Electrical Parameter Value 
Maximum power (Pmax) 80W 
Voltage at Pmax (Vmp) 17.6V 
Current at Pmax(Imp) 4.55A 
Short-circuit current (Isc) 4.8A 
Open-circuit voltage (Voc) 22.1V 
Temperature coefficient of Isc (alpha) (0.065±0.015)%/
oC 
Temperature coefficient of Voc (beta) -(80±10)mV/
oC 
Temperature coefficient of Power (gamma) -(0.5±0.05)%/oC 
Nominal Operating Cell Temperature(NOCT) 47±2oC 
Maximum system voltage 600V. 
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4.6 Simulation Results and Discussions 
The model, Fig. 4.15, was simulated under different irradiance and ambient temperature 
conditions so as to study the effectiveness of the developed algorithm. The details are 
presented in the following subsections. 
4.6.1 Effect of Irradiance Changes 
To verify the performance of the improved MPPT technique with the current mode control, 
the PV system is simulated with a series of values of solar irradiance at constant ambient 
temperature. The simulation results, Fig. 4.16, show the solar irradiance changing abruptly 
from 500W/m2 (0.5 sun) to 800W/m2 (0.8 sun) at the step time of 5seconds, when the 
ambient temperature is constant at 25oC. It is observed that the maximum power tracked 
changes correspondingly from 80W to 128W at the same step time of 5 seconds. The MPP 
changes rapidly with the same rapidity as the irradiance change and therefore ensures that 
optimum use of the PV array power is made. 
 
  
 
Fig. 4.16: Irradiation variation and maximum power point tracking @ 25oC. 
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4.6.2  Effect of Ambient Temperature Change 
Figs. 4.17 and 4.18 show the results of the simulation for varying ambient temperature at 
constant irradiance of 1000W/m2. In this system, the SEPIC converter input voltage is 
controlled to follow the reference voltage (Vmpp) determined by the improved incremental 
conductance algorithm. Fig. 4.17 shows the ambient temperature increasing abruptly from 
20oC to 33oC at a step time of 5 seconds. For this increase, the PV array output voltage is 
seen to decrease from the initial value of 45V to 42.9V, while the algorithm generated 
voltage drops from 35.8V to 34.2V at the same step time. Consequently, the tracked 
maximum power decreases from 152W to 145W at the same step time. The speed and 
accuracy of the tracking algorithm is obvious. Fig. 4.18 also shows that despite the increase 
in ambient temperature from 20oC to 33oC and the attendant drop in the tracked power, the 
integrated current mode controller achieves a good regulation of the output voltage at the 
desired value of 180V. 
 
 
Fig. 4.17: Ambient temperature variation and MPPT performance. 
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Fig. 4.18: Temperature variation, MPP and regulated output voltage of the converter. 
 
 
4.7 Conclusions 
This chapter has reviewed the major existing MPPT techniques, highlighting the merits and 
the demerits of each approach. Similarly, the different approaches to current mode control 
have been reviewed. An improved MPPT technique based on the incremental conductance 
technique has been proposed. The proposed technique with an integrated current mode 
control multi-loop system has been used to control the PV-SEPIC converter system. The 
results show that the developed multi-loop system can effectively track the MPP rapidly and 
accurately under different solar irradiance changes and changes in ambient temperature. 
Moreover, the system is seen to offer robust voltage regulation and improved dynamic 
response in the face of changing environmental variables.  
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Chapter 5 
Interfacing Energy Storage to PV Systems: Design of Converter & 
Control Systems 
 
5.1  Introduction 
The variability and intermittency of renewable energy sources like wind and solar in a 
distributed generation system pose some challenges. At low levels of PV penetration, the 
impact on the system may be negligible but at high penetration levels the impact offers 
enormous challenges. Some of these challenges include [95-98]: 
 Meeting the load demand when the intermittent source is unavailable or low in 
supply, especially during night times or periods of cloudy weather. 
 Matching generation with load demand. 
 Dealing with excess energy when generation exceeds demand. 
 Managing the induced increased cycling (frequent start up and shut down, ramp up 
and down) of the fossil-fuelled generators. 
 
For grid integrated systems, mismanagement of these issues can cause network failures. To 
mitigate these challenges requires two major backup infrastructures: energy storage and 
power electronics interfaces [95].These infrastructures ensure that energy production from 
such intermittent resources is matched with demand at all times, 24 hours a day, 365 days a 
year.  
 
This chapter focuses on the development of control strategies for integrating energy storage 
system into a photovoltaic power plant. Firstly, a review of energy storage technologies 
applicable to photovoltaic power systems is presented. This is followed by the analysis and 
design of a 500W bi-directional dc-dc converter, based on the half-bridge topology, used for 
interfacing the energy storage system used for this study. Thirdly, a novel multi-objective 
technique for battery management and system power balance control is proposed. A 
simulation model for the proposed control system is developed and its performance verified 
via simulation studies using MATLAB/Simulink/SimPowerSystems software. Finally, the 
simulation results are presented and discussed. 
82 
 
5.2 Review of Technologies for PV Energy Storage 
5.2.1  Benefits of Integrating Energy Storage in PV Systems 
To increase the renewable energy content of their generation, utilities often rely on costly 
reserves based on fossil fuels. However, this central reserve approach could be replaced with 
distributed storage or on-site storage [99]. The inclusion of energy storage increases system 
availability, reliability and makes the system dispatchable. In general, the benefits of 
integrating energy storage into a PV system are summarized below [99-103]: 
 Energy storage provides power on demand. 
 Daily load shifting: off-peak energy is stored for usage during peak periods. 
Combining storage with PV will reduce the demand for utility power during higher-
rate hours of the day by charging the storage system with PV-generated energy early 
in the day to support the load later in the day. 
 Provision of spinning reserve: to restore the balance of supply and demand on a 
system after the sudden loss of a power line or generator or sudden, unexpected 
increase in load. 
 Peak shaving: This is used to minimize demand charges for a customer or to reduce 
peak loads by the utility. Peak shaving utilizing PV-storage systems involves the PV 
providing all required power above a specified limit and if PV is not available, energy 
storage comes on to fill the gap. Such application of energy storage for peak shaving 
can be used by utilities to defer substation transformer upgrades. 
 Regulation services to reduce voltage flickers, harmonics, and improve voltage 
stability and hence overall power quality improvement. 
 Storage of PV generated energy for use when needed and so mitigating variability and 
intermittency issues of PV generated energy. 
 Lowering GHG (greenhouse gas) emission generation by replacing fossil fuel based 
peaking and reserve units. 
 Use as an uninterruptible power supply (UPS) in case of power outage. 
 In residential and commercial applications, it results in the reduction of customer 
utility bills.  
 As an indispensable part of the smart grid infrastructure. 
 Reduction of the wear and tear of fossil-fuelled generators and hence the overall 
maintenance cost due to reduced cycling of these generators. 
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5.3 PV Storage Technologies 
Integrating storage technologies to PV systems benefits utilities, homeowners and 
commercial customers through greater reliability, improved power quality and overall 
reduced energy costs. Generally, energy storage systems (ESSs) convert electrical energy to 
some form of energy that can be stored and released when needed. Generally, the storage of 
PV energy can be in any of the following three broad forms [98]: 
 Chemical energy: e.g. battery energy storage system (BESS). 
 Electrical energy: e.g. supercapacitors. 
 Mechanical energy: e.g. compressed air, flywheel and pumped hydro storage. 
An optimal PV-Storage system in grid-tied system should involve a mixture of [6]: 
 Small, decentralized, short-term storage, and 
 Large seasonal storage systems. 
A more detailed analysis of these approaches to PV storage is done in the subsections below. 
  
5.3.1 Battery Energy Storage System (BESS) 
Lead acid battery technology is the most mature and common of BESS because of its 
popularity in the automotive industry. It has a cathode made of spongy lead and an anode of 
lead dioxide both of which are immersed in an electrolyte of dilute sulphuric acid. During 
discharge, both electrodes are converted to lead sulphate while the charging operation 
restores the anode to lead dioxide and the cathode to metallic lead as depicted in (5.1) [28]. 
424242 22 PbSOOHPbSOPbOSOHPb                                                      (5.1) 
Unlike the shallow-cycle version of lead acid battery technology which is used in 
automobiles, the deep-cycle version is designed for repeated discharge by as much as 80% 
depth-of-discharge (DOD) [28]. This ability to withstand repeated full charge and discharge 
cycles at high DOD makes them suitable for PV energy storage applications, especially in 
decentralized systems. The two versions of valve regulated lead acid (VRLA) batteries– 
absorbed glass mat(AGM) and gelled [5], [28]  – are particularly attractive in residential PV 
applications because they are safer to use than the flooded version. Their ruggedness, high 
round-trip efficiency during charge/discharge, wide availability, low cost and ease of 
charging and discharging, account for the popularity of this battery technology in PV-Storage 
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systems [28],[103]. However, like all lead-acid batteries, they have the shortcomings of low 
energy densities and relatively limited cycle lives [104].  
 
The properties of the major BESS technologies are compared in Table 5.1.  
 
5.3.2  Lithium Ion (Li-ion) Batteries 
The operation of lithium-ion battery is based on the migration of lithium ions from the 
negative electrode to the positive electrode during discharge and the reverse migration during 
the charging process. This to-and-fro movement is the so-called “rocking chair or Swing or 
Shuttlecock” design [105] and is illustrated in Fig.5.1 
 
Besides being popular in mobile applications, they have also become popular in residential 
PV energy storage. This is mainly due to[105],[106]: 1) their high energy density(150Wh/kg) 
and hence light weight; 2) longevity because of high charge cycles (up to 7,000); 3) ability to 
withstand high charging current and hence can be charged quickly; 4) unaffected by low 
temperatures; 5) high charge/discharge efficiency (nearly 100%); and 6) higher cell 
voltage(3.5V compared to 2.0V for lead acid and 1.2V for other electro-chemistries). 
However, because of the shortcomings of high cost and elaborate battery management system 
required for its protection, the present usage of Li-ion technology in utility-scale storage is 
limited to short-time duration applications for regulation and power management services.  
 
Fig. 5.1:  The operating principles of lithium-ion battery [105]. 
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5.3.3 Sodium Sulfur (NaS) Batteries          
The NaS battery consists of molten sulphur at the positive electrode (cathode) and molten 
sodium at the negative electrode (anode), Fig. 5.2, [103]. The two molten electrodes are 
separated by beta-alumina solid electrolyte (BASE) membrane. The BASE selectively 
conducts only the positive sodium ions, Na+, that combine with sulphur to form sodium 
polysulfides [107]. During the discharge phase the Na+ ions flow through the BASE and 
result in current flow in the external circuitry with cell voltage of about 2 volts. The discharge 
phase results in a drop in the sodium level while the charging phase restores this level. NaS 
batteries have operating temperatures ranging from 300oC to 360oC and are usually equipped 
with electric heaters to maintain a minimum operating temperature. NaS batteries have the 
following favourable attributes [108], [109]: 
 High energy density - 3 to 5 times that of lead acid batteries, thus optimizing space. 
 Insensitivity to ambient temperature - because of its high operating temperature range. 
 High durability - the use of the durable porcelain-like BETA material to separate the 
electrodes gives NaS batteries a life span of about 15 years and more than 2500 
charge/discharge cycles for 100% depth of discharge (DOD). 
 High efficiency - up to 89% charge/discharge efficiency and not prone to self-
discharge. 
 High short-time power rating - up to 5 times nominal rating. 
 Remote operation and monitoring and minimal maintenance. 
The main drawbacks of this technology are [110]: 
 High cost compared to conventional battery technologies. 
 Requirement of elevated temperature (300oC) for operation. Maintaining this 
temperature results in losses associated with the heating process. 
 
This advanced battery technology is popular in utility applications for multi MW load-
levelling, peak shaving, and emergency power supply applications. It has been deployed in 
many sites in Japan and USA for substation upgrade because of its high capacity [108], [109].  
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Fig. 5.2: Operation of sodium sulfur cell [105]. 
 
5.3.4 Flow Battery Technologies  
Flow batteries have two major components: cell stacks, where power is converted from 
electrical form to chemical form during the charging phase, and two external tanks for the 
storage of the electrolytes, Fig. 5.3. The energy is stored chemically in the electrolytes. The 
electrolytes are pumped simultaneously through the two half-cells of the cell stacks, which 
are separated by a thin membrane through which selected ions flow [107].   
 
During the charging phase, a chemical reduction reaction occurs in one of the electrolytes 
while oxidation reaction occurs in the other. During the discharge phase, the stored chemical 
energy in the electrolytes is released in the form of electrical energy from the electrodes. The 
most popular flow battery types on the market are [107]: 
 Zinc Bromine (ZnBr) Batteries. 
 Polysulfide Bromide (PSB) Batteries. 
 Vanadium Redox Batteries (VRB). 
Flow batteries are truly large-scale batteries used for load levelling applications and 
mitigation of substation congestion.  
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          Table 5.1:  Comparisons of BESS Technologies [5], [28], [104-109].  
 
 
Parameter 
 
Pb-acid 
 
NiCd 
 
NiMH 
 
Zinc-air 
 
Li-ion 
 
NaS 
 
ZnBr 
Specific energy     
(Wh/kg) 
 
30 - 40 
 
40-60 
 
50-65 
 
140-180 
 
90-120 
  
Energy density          
(Wh/L) 
 
70-75 
 
70-100 
 
140-200 
 
200-270 
200 -
250 
 
1000 
 
600 
Specific power 
(W/kg) 
 
250 
 
150 
 
200 
 
105 
 
300 
  
Nominal cell 
voltage(V) 
 
2.0 
 
1.2 
 
1.2 
 
1.65 
 
3.6 
 
2.08 
 
1.8 
Overcharge 
tolerance 
  High Medium Low  Very 
low 
 
 
 
Cycle life in full 
discharge  
(cycles) 
500-
1000 
1000 - 
2000 
1000-
2000 
200 -300 1500 -
2000 
2500 2500 
Calendar life in 
years 
 
5-8 
 
10-15 
 
8-10 
 
- 
 
- 
 
 
15 
 
Self discharge 
(%/month at 
25oC) 
 
3 - 5 
 
20 - 30 
 
20 - 30 
 
4 - 6 
 
5 - 10 
 
No 
 
Yes 
Electrical 
efficiency (%) 
80 60 - 85 Up to 80  > 90 90 75 
Operating 
temperature 
range (C) 
-10 to 
50 
-20 to  
50 
-10 to 50  10 to 
45 
290 to 
360 
20 -50 
Auxiliaries water     heater pump 
 
88 
 
 
Fig. 5.3: Operating principles of ZnBr flow battery [107]. 
 
5.3.5 Ultracapacitors 
Ultracapacitors or electric-double layer capacitors (EDLCs) store energy by means of an 
electrolyte solution between two solid conductors rather the conventional capacitor which has 
a solid dielectric between the electrodes [102]. This arrangement is responsible for their high 
capacitance (in farads and kilofarads) and high energy density in very compact form [107], 
[110]. They are popular in UPS (uninterruptible power supply) and grid applications where 
their ability to charge and discharge very fast at high efficiency is used in power quality 
mitigations [111]. In addition to their power cycling capability, they offer robust performance 
over wide temperature extremes and have high cycle life.  In hybridized energy storage 
systems, when combined with batteries, the operational life of the system is increased 
because while the batteries optimize the energy capability, the ultracapacitors optimize the 
power capability [112]. 
                 
5.3.6 Flywheel Energy Storage System (FESS) 
FESS uses kinetic energy stored in a rotor spinning at high velocities. The unit is integrated 
with a motor/generator unit and power converter to handle the mechanical-to-electrical 
energy conversion [113]. During charging the flywheel is accelerated by the electric motor 
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which later operates as a generator during the discharge process. During a discharge event, 
the stored energy is converted to fixed frequency and voltage supply via the integral power 
converter. FESS is typically employed in power quality mitigations that require large number 
of charge-discharge cycles to provide up to 15 seconds ride-through for power interruptions 
or to bridge the shift when transferring from one power source to another [102],[103]. 
 
5.3.7 Compressed Air Energy Storage (CAES) 
This technology stores energy as compressed air for later use. For PV-Storage system, 
photovoltaic power is used to compress the air which is then stored at high pressure in 
underground reservoirs. Excess energy from the PV system  is used for the compression 
during periods of low demand and then converted back to electric energy via a turbine-
generator set when electricity demand is high [103]. Using PV energy for the compression 
cycle, the fuel normally used is reduced substantially [102]. CAES have been used for 
numerous grid problems mitigations including support and load levelling. Installed 
commercial system capacities range from 35-300MW [103]. Recent ongoing research works 
explore the use of above-ground pipelines for the storage of compressed air for CAES 
applications [102], [103]. 
 
5.3.8 Pumped Hydro Storage 
This mature technology can also be used in conjunction with photovoltaic power system. In 
this approach, the PV energy is used during off peak hours to pump water from a lower 
reservoir to a higher one. The stored water is later released during peak demand and turns the 
turbine to generate the needed electricity. The drawback of this storage medium for PV 
application include: 1) hard-to-find suitable geographical location, 2) need for large reservoir, 
3) high total capital cost and the long time required to plan and build [5],[[28]. 
 
5.3.9 Hydrogen/Fuel Cell 
A fuel cell is an electrochemical device that generates electricity by a chemical reaction 
without altering the electrodes and the electrolyte materials, as is the case with 
electrochemical batteries. By combining hydrogen and oxygen, electricity and water are 
produced. Thus, the main fuel used in a fuel cell is hydrogen. This hydrogen is often 
generated by the electrolysis process in an electrolyser [5]. Photovoltaic energy can easily be 
90 
 
used to initiate this electrolysis process so as to generate the needed hydrogen which is stored 
for future use. The hydrogen fuel can be stored in the following forms [5]: 1) underground for 
large quantities of gas and for long-term storage, 2) as liquid hydrogen in storage tanks, and 
3) as compressed gas in cylinders for short storage times. Despite having long cycle life, the 
limitations of this storage technology include: 1) high initial cost, 2) complexity of the 
control system, and 3) life degradation in dynamic applications [64]. Fuel cells are 
successfully being applied for use in UPS applications and in grid-connected plants for load 
levelling and to meet peak demand. 
 
5.3.10 Superconductive Magnetic Energy Storage (SMES) 
Superconductive magnetic energy storage (SMES) is an enabling technology for the 
integration of renewable energy systems, especially wind and photovoltaic system. It 
involves storing energy in a magnetic field created by direct current flowing through a 
superconducting coil which is cryogenically cooled to a temperature below its 
superconducting critical temperature [103]. SMES have high energy densities and have the 
major advantage of high storage efficiency. Also, they have high dynamic response [103], 
[104]. 
 
5.4 Power Electronics Interface for PV Energy Storage 
Augmenting PV energy source with energy storage to provide power on demand and mitigate 
the intermittency and variability shortcomings of PV energy generation requires the 
incorporation of a dc-dc power converter with bidirectional power flow capabilities. The dc-
dc converter is required to perform the following functions: 1) to match (by stepping up) the 
lower voltage of the battery bank to the higher dc link voltage value required by the inverter, 
2) to match (by stepping down) the higher dc link voltage to the level suitable for charging 
the battery bank, and 3) to control the power flow under steady state and transient conditions 
so as to achieve the system’s needed power balance [115]. 
 
This section details the analysis and design of a 500W bidirectional dc-dc converter based on 
the half-bridge topology that is used for interfacing the energy storage system for this study.  
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5.4.1 Bidirectional DC-DC Converter Topology Selection & Analysis 
Numerous topologies for possible implementation of bidirectional dc-dc converters have been 
reported in the literature [115]. Generally they are divided into two broad categories: 1) non- 
isolated (transformer-less) converters, and 2) isolated (transformer-inclusive) converters 
[116]. While the isolated converters have the advantage of providing isolation between the 
source and the load sides, the transformer-less versions have advantages of improved 
efficiency, reduced size and weight, and lower cost [115], [116]. Based on the 
aforementioned advantages, and coupled with simplicity, a half-bridge based, non-isolated, 
buck-boost topology shown in Fig.5.4 is adopted for this work. In this topology the switch 
cells, SW1 and SW2, consist of IGBT power switches (Q1) in parallel with diode D1 and Q2 
  
Q1 D1
Q2 D2
+
_
C1
C2
L
SW1
SW2
Battery
bank
DC link voltage 
 
Fig. 5.4: Half-bridge-based bidirectional buck-boost dc-dc converter. 
 
in parallel with diode D2 to provide the bidirectional capability of the converter. For the PV 
application of this thesis, the buck converter operation (battery charging) is achieved by 
modulating Q1, with D2 operating as the buck-mode diode. Similarly, the boost converter 
operation (battery discharging) is achieved by modulating Q2, with D1 serving as the boot-
mode diode.  
 
5.4.2 Analysis of the Bidirectional DC-DC Converter 
The operating principle of the bidirectional dc-dc converter, Fig. 5.4, in steady state is based 
on four modes [117]. The four operational modes are described below and illustrated in Fig. 
5.5. 
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 Mode 1: Battery-energy-to-inductor-transfer mode. In this mode, Fig. 5.5a, Q2 is 
turned ON and the battery energy is transferred to the inductor, L. Q1 is turned OFF, 
while the diodes (D1 & D2) are reverse biased.  
 Mode 2: Battery-energy-release-from-inductor mode. In this mode (Fig. 5.5b), Q1 & 
Q2 are both OFF; D1 conducts to release the energy now in the inductor to the dc 
link. 
 Mode 3: PV-energy-to-inductor transfer mode. For this mode (Fig. 5.5c), Q1 is turned 
ON to transfer the PV energy to the inductor; Q2 is turned OFF; D1 & D2 are reverse 
biased. 
 Mode 4: PV-energy-release-from-inductor mode. For this mode (Fig. 5.5d), Q1 & Q2 
are turned OFF; D2 conducts to release the PV energy for battery charging. 
Modes 1 and 2 constitute the battery discharge phase, when the converter is stepping up the 
battery voltage to the required value of the dc link voltage. This is during periods of little or  
Q1
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+
_
C1
C2
L
Battery
bank
DC link voltage 
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                        (a) Mode 1                                                                (b) Mode 2 
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                        (c)  Mode 3                                                                (d) Mode 4 
Fig. 5.5: Modes of operation of the bidirectional dc-dc converter. 
 
no insolation from the solar panels. Modes 3 and 4 constitute the battery charging phase when 
the converter steps down the higher voltage of the dc link to charge the battery bank. This 
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situation is obtainable during periods of excess solar radiation, when the solar array can 
supply both the load (the inverter) and at the same time charge the battery bank. 
 
5.4.3 Design of a 500W Bidirectional DC-DC Converter  
The specifications for the converter are shown in Table 5.2. The design is done such that 
components must satisfy both the buck mode and the boost mode of operating conditions. 
Hence, the following calculations consider both cases before choosing the higher values. 
 
                                       Table 5.2: Bidirectional dc-dc converter specifications. 
Parameter Value 
Input voltage from battery bank, VIN 40 – 60V 
DC link voltage, VDC 180V 
Average output voltage for battery charging. 60V 
Maximum power, Po 500W 
Switching frequency, FS 50kHz 
Inductor current ripple, ΔiL 30%  
Output voltage ripple, ΔVo 2%  
 
Inductor selection: 
a) Buck mode: For this mode, the converter has to step down the dc link voltage from 
180V to an output voltage of 60V needed for charging the battery bank of 48V 200Ah 
batteries. The inductor value, LBUCK, and its peak current value are determined using the 
specified maximum inductor current ripple based on equation (5.2) [51], [118]. 
sLi
o
BUCK
F
DV
L



)1(
                                                                                                  (5.2) 
Where, D is the duty cycle of the power switch, defined as the fraction of the switching 
period that the switch is closed. And for buck mode of operation equation (5.3) holds. 
DVV INo                                                                                                                 (5.3) 
Substituting (5.3) into (5.2) and using values from Table 5.2 gives: 
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   = 
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
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
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  = 320µH 
Where ΔiL = 30 %( Io) = 30% (Po/Vo) = 0.3 x 8.333 =2.5A. 
The inductor peak current is:  
                              
2
L
opk
i
II

  
                                    = 9.58A 
b) Boost mode: For this mode, the converter has to step up the battery bank voltage from 
the input range of 40 - 60V to the dc link voltage, VDC, of 180V. Thus, the circuit must be 
analysed for both input extremes from the battery bank to determine the worst case condition. 
For VBAT = 40, the duty ratio, D, is given by [119]: 
78.0
180
40
11 
DC
BAT
V
V
D  
The average inductor current is given by [51], [119]: 
A
V
P
V
IV
I
BAT
o
BAT
oo
L 5.12
40
500


  
Thus, the variation in inductor current to meet the 30% specification in Table 5.2 is: 
         ΔiL= 0.3x12.5 = 3.75A. 
The inductor value, LBOOST1, is thus given by [51], [119]: 
H
Fi
DV
L
SL
BAT
BOOST 4.166
5000075.3
78.040
1 





  
Repeating the calculations for VBAT = 60V, 
66.0
180
60
11 
DC
BAT
V
V
D  
AIL 33.860/500   
ΔiL = 0.3x8.33 = 2.5A. 
The re-calculated value of the inductor becomes: 
H
Fi
DV
L
SL
BAT
BOOST 8.316
500005.2
66.060
2 





  
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Thus the higher value, LBOOST2, is chosen to satisfy the specifications for the variations in the 
voltage of the battery bank. This is then compared to the calculated value for the buck mode 
of operation and the higher of the two values is chosen. Therefore, the value of the inductance 
for the bidirectional converter is: 
                                        L = 320µH 
Selection of Capacitors:     
The value of the output capacitance, C2, is given by [51]: 
F
F
V
V
L
D
C
S
o
o
2.5
)50000(02.0103208
33.01
)(8
1
262
2 









 
In this design, a low ESR (equivalent series resistance) capacitor of 10µF is chosen. The ESR 
must be low so as to be able to absorb the high frequency ripple current generated. Thus, C2 
is chosen to be a capacitor of rating:  
10µF, 100V. 
Similarly, the hold-up capacitor at the dc link, C1, is chosen to have the same capacitance but 
with a voltage rating more than the dc bus voltage of 180V. Thus, C1 is chosen to be a 
capacitor of rating: 
10µF, 250V. 
Switching devices selection: 
a) IGBT Switches, Q1 and Q2: 
The average current, IA, for the switch Q1 for buck operation is: 
INA IDI   
For Q1, IIN = 8.33A, for the buck mode and D = 0.3. Thus, 
AI A 5.233.83.0   
And the rms current, Irms, for Q1 is: 
AIDI INrms 6.433.83.0   
The peak voltage seen by Q1 during buck-mode is equal to the dc link voltage of 180V. 
Applying a 50% safety rating for the voltage withstand capability and 300% capability to the 
current rating because of losses, result in Q1 with the following parameters chosen: 
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                                   VQ1 ≥ (180×1.5 =270V) 
                                    Irms ≥ (3x4.6 =13.8A). 
Similarly for Q2 for boost operation: 
A
D
VP
D
I
I oooIN 2.8
66.01
)180/500(
1
)/(
1







 
And the average current and the rms value of the current are: 
AIDI INA 4.52.866.0   
 AIDI INrms 67.62.866.0   
Using the same safety ratings as in Q1, Q2 is chosen to satisfy the following conditions: 
                                    VQ2 ≥ (180×1.5 =270V) 
                                    Irms ≥ (3x6.67 =20A). 
b) Diodes, D1 and D2:  
The diodes chosen are body diodes to Q1 and Q2 and so are rated to withstand the same 
voltage and current as the IGBTs. 
 
5.5 Proposed Multi-Objective Control System for Battery Charging & Power 
Management 
This section discusses the development of a multi-objective control system that achieves the 
following control objectives necessary for the integration of energy storage into the PV 
system: 
 Control objective 1: To balance the power flow, PPV, from the PV array to the battery 
bank, PBAT, and the load, PLOAD, irrespective of the irradiation, temperature and load 
changes. 
 Control objective 2: To ensure the PV power is harvested and utilized effectively by 
operating at the maximum power point, MPP, at all operating conditions using the 
modified incremental conductance MPPT algorithm developed in Chapter 4. 
 Control objective 3: To effectively regulate the dc link voltage at the desired value of 
180V during power balancing, battery charging and battery discharging. 
 Control objective 4: To ensure that the battery is charged effectively with 3-stage 
charging algorithm without overcharging via the bidirectional dc-dc converter. 
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 Control objective 5: To ensure effective discharge of the battery when insolation is 
low or non-existent without over discharging, using the bidirectional dc-dc converter. 
Achieving these control objectives require the development of the appropriate controllers and 
algorithms. Firstly, the three-stage charging algorithm used in charging the SLA battery bank 
is presented. This is followed by the development of a power management technique that 
ensures proper power balance between the PV array, the battery bank and the system load for 
all cases of solar insolation and ambient temperature. These approaches are discussed in the 
subsections below. 
 
5.5.1 Multi-Stage Algorithm for SLA Battery Charging 
Because of the advantages of cost, maturity of the technology and familiarity by users, the 
lead acid battery technology is popular in PV applications [120]. Consequently, the deep-
cycle sealed lead acid (SLA) variant, otherwise called valve-regulated lead acid (VRLA), is 
used as the energy storage medium in this study. The three-stage charging algorithm adopted 
and incorporated into the control system for the bidirectional dc-dc converter is discussed in 
the following sections. 
 
The bidirectional dc-dc converter implements the three-stage charging algorithm using the 
PWM technique. With the PWM technique, the dc link voltage, VDC, and the incoming 
current from the panels via the SEPIC converter is switched ON and OFF with a variable 
duty cycle, β. Battery charging is done via the IGBT switch Q1 of the bidirectional buck-
boost converter, Fig. 5.4, which has to operate in the buck mode. Thus, the average output 
voltage used for battery charging, VCH, is given by: 
DCCH VV                                                                                                         (5.4)                          
Where, 
OFFON
ON
TT
T

                                                                                                     (5.5) 
and TON is the ON time of Q1, TOFF is the OFF time and VDC is given by: 




1
PVDC VV                                                                                                         (5.6) 
Where VPV is the input voltage from the solar array. 
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The controller uses this PWM technique to progressively increase and decrease the duty cycle 
to achieve the three-stage charging (bulk, absorption, and float) algorithm [121]. The three-
stage charging algorithm is described below and illustrated in Fig.5.6, where the charge 
voltage set points are [121]: 
 Bulk/absorption = 2.45V per cell@ 25oC. 
 Float = 2.30V per cell @ 25oC. 
Bulk charging: In this mode the charger applies constant current (CC) from the solar panels 
to the battery.  This charge rate is based on the maximum power point current, IMPP, of the 
solar panel. For SLA batteries, the bulk mode restores the battery to about 70% SoC (state of 
charge) and takes up roughly 50% of the required charge time of between five to ten hours of 
bright sunlight (1000W/m2) [121]. The end-of-charge voltage for restoring this 70% SoC is 
set by the controller at 2.45V per cell for this SLA battery bank. The CC is maintained until 
the battery voltage reaches this pre-defined safety limit at which the constant voltage 
charging, the absorption phase starts, as shown in Fig.5.6.   
Absorption charging: This mode commences once the end-of-charge voltage in the bulk 
mode is attained. The controller transits from constant current (CC) to constant voltage (CV) 
operation and remains at this constant voltage value of 2.45V per cell. The charge rate is 
reduced progressively as the battery charges up. The CV charging ensures the restoration of 
the remaining capacity of the battery. The capacity returned is approximately the remaining 
30% SoC. This mode also ensures that the battery is never undercharged, thus avoiding the 
problem of sulfation [45], [121]. 
Float charging: The float charge maintains the battery at full charge and is used mainly to 
avoid the usual self-discharge associated with batteries [45], [121]. This mode commences at 
the expiration of the absorption mode when the charger transitions to another voltage level as 
shown in Fig.5.6. The charge rate is maintained at its reduced lowest value. 
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Fig. 5.6: Three-stage charging algorithm. (a) Voltage profile. (b) Current profile. 
 
 
5.5.2 Power Management Technique  
The power flow diagram of this two-source (PV array and battery bank) system is shown in 
Fig.5.7. Three key parameters of Fig. 5.7 determine the direction of power flow and the mode 
of operation. These parameters are: 1) the PV array power, PPV, 2) battery state of charge, 
SoC, and 3) the load.  Depending on the condition of these parameters, the proposed control 
system can operate in any of the following three modes: 
i) Full charging mode: This occurs when the PV array power is greater than the power 
demand of the load. If this occurs and the state-of-charge, SoC, of the battery energy storage 
is below the desired maximum, SoCMAX, then battery charging is initiated, Fig. 5.8a. Also, the 
pre-set value of the charging current, IBP, is used for the charging process. That is, the 
conditions for this mode are: 
LOADPV PP                                                                                                                                              (5.7)          
MAXoo CSCS                                                                                            (5.8) 
BPB II                                                                                                     (5.9) 
Operation of this mode activates the power switch, Q1, of the bidirectional converter as 
shown in Fig. 5.8a. 
ii) Discharging mode: This occurs when the energy from the solar generator is 
insufficient to power the load. In this case, for system availability, the battery is discharged. 
100 
 
However, the SoC must be above a certain minimum level to avoid over-discharge of the 
battery. That is, the conditions for battery discharge, Fig. 5.9, when Q2 of the bidirectional 
converter is activated are: 
LOADPV PP                                                                                                                                          (5.10) 
MINoo CSCS                                                                                             (5.11) 
iii) Partial charging mode: This mode occurs when the PV array power is greater than the 
load power and the battery state of charge is below maximum. However, the charging 
current, IB, is below the pre-set value, IBP. That is, the conditions for this charging mode are: 
  LOADPV
PP                                                                                             (5.12) 
                         MAXoo CSCS                                                                                         (5.13) 
   BPB II                                                                                                (5.14) 
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Fig. 5.7: Power flow diagram of the system showing the converters and energy sources: PV 
array and battery energy storage. 
 
5.5.3 Controller Implementation 
The development of this multi-objective control system requires the monitoring of the 
following systems variables: 
 PV array variables – voltage and current. 
 Battery variables – voltage and current. 
 Inductor current and switch current. 
 Dc link voltage. 
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 Load voltage and current. 
The proposed control system (Fig. 5.8 and Fig.5.9 integrated) is a multi-loop system with 
current-mode control loop, MPPT loop, and battery charging/discharging loop. Based on the 
power output of the PV module, the battery SoC and the load, the mode selector switch 
determines whether the bidirectional converter is to charge or discharge the battery by 
switching ON the IGBT, Q1, for battery charging and Q2 for battery discharging.  Fig. 5.8 
shows the control system operation in battery charging mode. In this mode, the average 
current mode is used with an outer PV voltage regulating loop. The combination of the MPPT 
and the battery charging loop is used to achieve the desired power balance control described 
earlier, and to charge the battery with the three-stage charging algorithm described in the 
previous section.  
 
The control loop for battery discharging is shown in Fig. 5.9, where the control goal is to 
attain the desired dc link voltage without over discharging the battery. The variables in 
Fig.5.8 and Fig.5.9 are as defined in Table 5.3. 
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(b) Charging loop. 
Fig. 5.8: Controller configuration for battery charging. 
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Fig. 5.9: Controller configuration for battery discharging. 
 
Table 5.3: Controller parameters defined. 
Parameter Meaning 
PPV PV array power 
PLoad Load power 
SoC Battery state of charge 
IL Inductor current. 
IL
* Reference value of inductor current. 
VB Battery voltage. 
VB
* Reference value of battery voltage during charging. 
Vdc
* Reference dc link voltage. 
Vdc Dc link voltage 
 
 
5.6 Simulation Model 
Fig. 5.10 shows the simulation model developed in the Simulink/SimPowerSystems software 
to investigate the ability of the designed bidirectional dc-dc converter to work seamlessly 
with the other subsystems of the PV power plant by providing the necessary charging and 
discharging control functions for the battery energy storage system. Integrated in the model 
are: 1) the PV array as the source of power; 2) the SEPIC converter to step up and regulate 
the fluctuating output of the PV array while also implementing the MPPT; 3) the designed 
bidirectional dc-dc converter to interface the energy storage system via charging and 
discharging functions, and 4) the battery energy storage system to serve as a back-up source 
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of power during night time or periods of low solar irradiation. This simulation model uses the 
generic battery model provided by the Matlab/Simulink’s SimPowerSystems package. 
Despite the shortcomings of not taking into account the dynamic behaviour of the battery and 
the ageing effect, this battery model is chosen for its simplicity – the parameters of the 
battery can easily be set in the model. 
 
In Fig. 5.10, the SEPIC converter is controlled using the current-mode technique to regulate 
the dc link voltage at 180V. This serves as the input to the bidirectional converter which steps 
this down to a nominal value of 60V needed for charging the SLA battery bank of 200Ah, 
48V. The converter is also able to step up this 48V nominal voltage of the battery bank to the 
dc link voltage of 180V during the discharge mode. The multi-objective control system 
integrates the following: 1) MPPT loop, 2) dc link voltage regulating loop, 3) discharge loop, 
4) the charging loop, and 5) the charge/discharge manager. Fig. 5.10(b) shows the detailed 
view of the charge/discharge manager which determines the mode of operation of the 
bidirectional converter. 
 
 
                                                          (a) 
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                                        (b) 
Fig. 5.10: Simulation model in Simulink/SimPowerSystems software showing:  (a) the PV 
array, the SEPIC and bidirectional converters, and the battery energy storage system and the 
controls; (b) detailed view of the charge/discharge manager subsystem. 
 
5.7 Simulation Results and Discussions 
Using the simulation model of Fig. 5.10, simulations were performed using the parameters of 
the PV module, BP 380. A two-panel array, a battery bank of 48V nominal voltage and a dc 
link voltage of 180V were used for the simulations. The following discussions analyse the 
performance of the designed bidirectional dc-dc converter and the associated control system. 
 
When there is sufficient solar power from the array, it is used to power the load while the 
excess is used to charge the battery via the bidirectional converter. As discussed earlier, the 
bidirectional dc-dc converter acts as a buck-boost converter. In the charging mode, it converts 
the dc link voltage of 180V to a nominal voltage of 60V sufficient to charge the battery bank 
of 48V nominal voltage. Whereas in its discharge mode, the converter boosts the battery 
bank’s terminal voltage to the desired dc link voltage of 180V.  
 
The bidirectional converter performance during the charging mode is illustrated in Figs. 5.11-
5.13. In Fig. 5.11(a) the battery bank’s terminal voltage is seen to have risen from the initial 
value of 58 V to a stabilised value of 60V, as dictated by the reference value set by the 
control algorithm. While the charging operation is going on, the dc link voltage is effectively 
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maintained at the desired value of 180Vdc as illustrated in Fig. 5.11(b). The current injected 
into the battery during the charging process is indicated in Fig. 5.12(a), while the inductor 
current is shown in Fig. 5.12(b) following the desired reference value. The charging process 
injects power into the battery as shown in Fig.5.13 (a) while the battery state of charge (SOC) 
following the charging process is shown in Fig. 5.13(b). It is seen that the SOC ramps up 
from the initial value - indicating an increase in the available capacity of the battery, as a 
consequence of the charging operation. 
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(a) Battery bank voltage and reference bank voltage.       
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(b) DC link voltage. 
Fig. 5.11: Battery bank’s voltage and dc link voltage during charging operation. 
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(a) Battery current during charging. 
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(b) Inductor current and reference inductor current. 
Fig. 5.12: Battery current and inductor current during charging. 
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(a)  Power injected into battery during charging. 
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(b)  Battery SOC during charging. 
Fig. 5.13: Battery power and state of charge following charging. 
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During periods of none or insufficient solar power, the battery bank is discharged to ensure 
the system’s reliability. In this simulation, during the discharge operation, the system is 
subjected to a step load decrease from 300 Ω to 156 Ω to test the robustness of the control 
algorithm. The bidirectional converter’s performance for this discharge mode is shown in 
Figs. 5.14-5.16. In Fig. 5.14(a), at turn-on, the battery bank’s voltage settles at a steady value 
of 57V after 0.2 second following the transient period. However, at the step time of 1 second 
the step load decrease is introduced. This results in the sudden increase in the voltage which 
then settles again after 1.1 seconds. Conversely, Fig. 5.14(b) shows the corresponding 
response of the dc link voltage. It is seen that despite the sudden decrease in the battery’s 
voltage as a result of the step load decrease, the dc link voltage is maintained at the desired 
voltage of 180V. This indicates the ability of the control algorithm to effectively regulate the 
dc link voltage in the face of changing battery voltage. 
 
Similarly, Fig. 5.15 shows the battery current and the inductor current in both transient and 
steady state operation during the same discharge conditions. The inductor current and the 
battery current, as expected, show sudden decrease in values with the introduction of the step 
load decrease. The inductor current is seen to follow its reference value. In Fig.5.16, for the 
same discharge conditions, the battery power is seen to decrease from the initial steady of 
200W to about 120W with the sudden reduction in the load while the battery SOC decrease 
slightly from the initial value of 80%. 
 
The ability of the bidirectional dc-dc converter to regulate the dc link voltage and follow the 
assigned reference currents indicates the robustness of the integrated control algorithms. 
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(a) Battery bank voltage and reference bank voltage in discharging mode. 
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(b) DC link voltage. 
Fig. 5.14: Battery bank’s voltage and dc link voltage during discharge. 
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(a) Battery bank current during discharge mode. 
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(b)  Inductor current and its reference. 
Fig.5.15: Battery current and inductor current during discharge. 
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(a) Power discharge by the battery. 
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(b) SOC following a discharge. 
Fig. 5.16: Battery power and state of charge after a discharge event. 
 
5.8 Conclusions 
This chapter has discussed the interfacing of energy storage system to a PV power plant using 
a simple, low-cost bidirectional dc-dc converter based on the half bridge topology. A multi-
objective, multi-loop control system has been designed and implemented to control the dc 
link voltage, track the maximum power, implement battery charging and discharging 
functions without overcharging or over discharging, and manage the power transfer among 
the various subsystems. Simulation results show that the proposed control system is able to 
effectively implement these functions. This attests to the robustness of the integrated control 
algorithms. 
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Chapter 6 
Control of Photovoltaic Inverter for Voltage and Frequency 
Regulation  
 
6.1 Introduction 
The photovoltaic (PV) inverter is the key power electronic interface for both the grid-
connected PV power systems and for off-grid (standalone) systems. It has the main function 
of converting the dc power generated by the PV array into grid-synchronized ac power. To 
ensure the reliable delivery of power to consumers from the renewable energy generator, the 
inverter has to ensure that the frequency and magnitude of the generated voltage are within 
the acceptable limits. The frequency must be within the range of 50Hz ± 0.4% for a 50Hz 
system [122]. In any power system, this requirement for the supply frequency to be within a 
narrow band is necessary for the following reasons [122]: 
(i) It ensures that motor-based loads in both industrial and domestic applications operate 
at the required constant speeds. This is because the speed of ac electrical drives is 
frequency sensitive. 
(ii) As a basis for timing various processes in electronic applications. 
(iii) For the safe operation of power transformers. Transformers are generally sensitive to 
frequency changes and may be overloaded if the frequency drifts substantially from 
the nominal value. 
 
Effective control of the magnitude and frequency of the ac output voltage requires a robust 
control technique. The PWM (pulse width modulation) technique is a popular method for 
achieving such effective control, with the sinusoidal PWM variant being able to provide 
output voltages close to a sine wave by reducing the low order harmonics to a negligible level 
[123], [124]. In addition to controlling both the voltage magnitude and frequency, efficiency 
consideration has been a major driving factor of PV inverter technology due to the high cost 
of PV solar energy. Compared to motor drive inverters, PV inverters are more complex in 
both hardware and functionality. Such inverters, in addition to the primary function of dc-ac 
conversion, may also feature the following functionalities [47], [125]: 1) maximum power 
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point tracking (MPPT); 2) anti-islanding: for grid-connected systems; 3) grid 
synchronization; and 4) data logging. 
 
The main focus of this chapter is the development of control algorithms that can effectively 
regulate the magnitude and frequency of the generated output ac voltage with minimal 
harmonics for photovoltaic power plants in the following modes of operation: a) single-phase 
operation, b) three-phase grid connected operation, and c) three-phase standalone operation. 
Firstly, a review of dc-ac converter interfaces classified according to their utilization 
topologies is done. This is followed by a review of such converters based on their schematic 
topologies. Thirdly, a review of the popular modulating strategies for dc-ac conversion used 
in single-phase applications is done. This is followed by a review of the vector control 
scheme applied for the control of a three-phase PV power plant in both the grid connected 
mode and in a standalone mode. Also reviewed briefly is the applicable standards for the 
integration of PV inverters to the grid. This is followed by the development of the proposed 
control system for a single-phase inverter to achieve a sinusoidal output waveform. Finally, 
the simulation results and discussions are presented, followed by the chapter conclusions. 
 
6.2  Review of Inverter Utilization Topologies for PV Systems 
To decrease the cost and increase the efficiency of PV systems, many inverter utilization 
topologies have been developed. The four most popular of these topologies are discussed 
below [47], [125-126]: 
 Centralized Inverter Topology: In this topology, Fig. 6.1, the PV modules are 
connected in series and parallel in order to achieve a higher power – typical unit sizes 
range from 100 to 1000kW with three-phase topology. One common central inverter 
connected to the common dc bus is used to achieve this higher power. Despite the 
advantage of not requiring pre-inverter voltage boost converter because of use of 
series-connected strings to achieve high voltages, this topology has the following 
disadvantages [126]: 1) power losses due to mismatch between PV modules, 2) losses 
in string diodes, 3) losses due to common MPPT, 4) use of high voltage dc cables 
between PV panels and inverter, and 5) limited system reliability due to dependence 
on a single inverter – failure of which throws the entire plant out of operation. 
 String Inverter Topology: In this topology, Fig.6.2, the PV plant is divided into 
several parallel strings with each string having a separate inverter. These string 
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inverters are paralleled and connected to the grid (or the ac bus for off-grid systems). 
Each of these string inverters is equipped with MPPT capability to increase the energy 
yield by the mitigation of PV mismatch and shading losses. The advantages of this 
topology include [126], [127]: 1) use of fewer PV panels, since dc-dc converters can 
easily be incorporated to boost the string voltage, 2) no losses in the string diodes, and 
3) enhanced supply reliability due to dependence on more than one inverter. This 
topology has evolved as the standard for grid connected PV systems for lower power 
applications ranging from 0.4 -2kW, especially for small roof-top plants. 
 Multi-string Inverter Topology: This topology, Fig.6.3, is a derivative of the string 
topology used for higher power applications – typically in the 1.5-6kW range for 
medium large roof-top plants. Each string is equipped with a separate dc-dc converter 
integrated with MPPT capability. These strings with the dc-dc converters and MPPT 
functionalities are then paralleled through a common dc-ac inverter. The unique 
advantages of this topology include [126],[127]: 1) compactness and cost-
competitiveness, 2) combines advantages of central and string topologies, 3) ability to 
incorporate PV strings of different technologies and different orientations.  
 Module Integrated Inverter Topology: In this topology, Fig. 6.4, a single PV module 
is directly connected to the grid via its own integrated inverter with MPPT 
functionality. The advantages of this topology include [126],[127]: 1) reduced 
mismatch losses, 2) better optimization of power extraction due to separate MPPT, 3) 
modularity of usage because of the plug-and-play nature. However, it has the 
following disadvantages [126]: 1) low efficiency occasioned by boosting of the low 
dc voltage of the panel to a higher level needed by the inverter, 2) low power 
conversion, 3) limited to low wattage applications – just one panel integrated. 
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Fig. 6.1: Centralized inverter system topology. 
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Fig.6.2: String inverters topology. 
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Fig. 6.3: Multistring inverters topology. 
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Fig. 6.4: Module integrated inverter topology. 
 
6.3 Review of Inverter Schematic Topologies for PV Systems 
New innovative topologies have recently been developed for PV inverters. The primary 
driving factor is increasing system’s efficiency. Other considerations include cost reductions 
and increasing system’s lifetime. Efficiency improvement (of between 1-2%) has been 
achieved by the elimination of galvanic isolation provided by integration of either high 
frequency (HF) transformer in the boost converter section or low frequency (LF) transformer 
in the output section [123]. While the transformerless PV inverter topologies offer advantages 
of: 1) improved efficiency, 2) lower manufacturing cost, 3) size and mass reductions; they 
introduce the following issues to the system [128-130]: 
 No galvanic isolation between the ac and dc sections of the inverter, with the 
associated safety issues in faulty situations. 
 DC current injection into the ac network with the negative consequences of poor 
performance of the grid system. 
 PV array voltage fluctuation due to capacitive leakage currents arising from the 
sandwich structure of a PV panel developing a capacitance to earth, with safety and 
EMC issues. 
 
Modern inverter topologies have tried to address these issues of efficiency and safety using 
the following two well- known converter topologies [47], [124], [130]:  
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 H-bridge or Full-bridge: This is the basic circuit used to synthesize ac power from dc 
power by sequential opening and closing of the power switches. Figure 6.5 shows the 
basic full-bridge topology with integrated PV array as the dc source. The output 
voltage of the topology can take various levels (+VPV, -VPV, or 0) depending on the 
sequence of closing the switches [51]. The normal switching sequence for this 
topology is depicted in Table 6.1. 
 Multilevel inverter topology: The multilevel inverter approach uses an aggregation of 
H-bridges to produce additional voltage levels [51], [122]. The production of these 
voltage levels results in a staircase waveform that closely approaches a sinusoid. 
Multilevel inverters are becoming popular in medium and high power inverter 
applications for interfacing renewable energy to the grid. Figure 6.6 is a diode 
clamped type of multilevel inverter topology. 
A brief discussion of some modern derivatives of these two topologies is presented below. 
Q1
D1
Q2 D2
CPV
Q3 D3
Q4 D4
Output to filter &
transformer
PV Array Basic FB Inverter
VPE
VPV
 
Fig. 6.5: Basic H-bridge or full-bridge inverter with integrated PV array. 
 
 
                                 Table 6.1: Switching sequence for the H-bridge 
                                                   topology. 
Switch Sequence Output voltage level 
Q1 & Q4 closed +VPV 
Q3 & Q2 closed -VPV 
Q1 & Q3 closed 0 
Q2 & Q4 closed 0 
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Fig. 6.6: A diode-clamped multilevel inverter topology 
 
6.3.1 Transformerless Topologies 
This section presents the key operational features of some state-of-the-art transformerless PV 
inverter structures that have addressed the shortcomings of the transformerless designs 
discussed earlier. They are all derivatives of the basic H-bridge topology. 
 
6.3.1.1  H5 Inverter Topology 
This topology (a patent of SMA, Germany) is a classical H-bridge with an integrated extra 
fifth switch (hence the name) in the positive bus of the dc link [125], [130] as shown in Fig. 
6.7. The switching scheme is based on the hybrid method, which is a variant of the unipolar 
scheme (explained in section 6.4.2). With this switching scheme, Q5, Q4 and Q2 are 
switched at high frequency while Q1 and Q3 are switched at the grid frequency. Two zero 
output voltages are available when Q5 is OFF, and Q1 & Q3 are ON. The details of the 
switching states are shown in Table 6.2. The inclusion of the extra fifth switch, Q5, helps to 
achieve the following [125], [129]: 
 Isolation of the PV array from the grid during zero voltage state. 
 Avoidance of dc current injection into the grid during the zero voltage state. 
The H5 topology has the following advantages [125], [129]: 
 The use of three-level modulation (+Vdc, 0, -Vdc) yields lower core losses. 
 A higher efficiency of up to 98% due to no dc current injection during the zero 
voltage state. 
 Low leakage current and low electromagnetic interference (EMI). 
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Fig. 6.7: H5 inverter topology with integrated PV array. 
 
Table 6.2: Switching states for H5 inverter topology. 
Switching state Switches ON Switches OFF Output voltage 
1 Q1, Q4, Q5 Q2, Q3 +Vdc 
2 Q1 Q2, Q3, Q4, Q5 0 
3 Q2, Q3, Q5 Q1, Q4 -Vdc 
4 Q3 Q1, Q2, Q4, Q5 0 
 
Despite these advantages, it has the disadvantage of a higher switch count because of the use 
of extra switch. However, since the H5 topology isolates the PV panels from the grid during 
zero voltage state using the extra switch, possess high efficiency, and has low leakage current 
and low EMI, it is very suitable for use in transformerless PV applications [125], [129], 
[130]. 
 
6.3.1.2   HERIC Inverter Topology 
This topology (patented by Sunways, Germany, in 2006) is a derivative of the classical H-
bridge. The HERIC (highly efficient and reliable inverter concept) topology incorporates a 
bypass leg in the ac side of the H-bridge topology using two back-to-back IGBT switches, as 
shown in Fig. 6.8. The ac bypass provides the following functionality [128-130]: 
 Isolation of the PV array from the grid during zero voltage state. 
 Avoidance of dc current injection into the grid during the zero voltage state. 
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The switching scheme is: Q1, Q4 and Q2, Q3 are switched at high frequency while Q5 and 
Q6 are switched at the grid frequency. The details of the switching states are shown in Table 
6.3. 
 
While having the drawback of high switch count because of the inclusion of the two extra 
switches, the HERIC topology has the following advantages [128-130]: 
 Lower core losses because of unipolar operation. 
 Decouples the PV array from the grid during zero voltage state on the ac side. 
 High efficiency of up to 97% due to no current injection during zero voltage state. 
 Low leakage current and low EMI. 
These advantages make the HERIC topology very suitable for use in transformerless PV 
applications. 
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Fig. 6.8: HERIC Inverter Topology. 
 
Table 6.3: Switching states for HERIC inverter topology. 
Switching state Switches ON Switches OFF Output voltage 
1 Q1, Q4, Q6 Q2, Q3,Q5 +Vdc 
2 Q6 Q1, Q2, Q3, Q4,Q5 0 
3 Q2, Q3, Q5 Q1, Q4,Q6 -Vdc 
4 Q5 Q1, Q2, Q3, Q4,Q6 0 
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6.3.1.3 Other Transformerless Topologies 
Other state-of-the-art transformerless topologies for PV applications that try to overcome the 
shortcomings of non-inclusion of a transformer, discussed earlier, include [125], [128-130]: 
(i) The REFU Inverter – a patent of Refu Solar. This is a derivative of the classical H-
bridge topology. 
(ii) The Full-Bridge Zero Voltage Rectifier –FB-ZVR, which is a derivative of the 
HERIC topology. 
(iii) Neutral Point Clamped (NPC) Half-Bridge Inverter. 
 
6.4 Review of Modulation Strategies for DC-AC Conversion 
The pulse-width modulation (PWM) is the most popular modulation strategy that optimizes 
the PV inverter circuit operation for both single-phase and three-phase operations [124]. The 
PWM technique basically controls each power switch by comparing a sinusoidal reference 
wave with a triangular carrier wave and producing an output voltage having a fundamental 
frequency of same value as the reference waveform [123],[125]. The amplitude of the output 
is also dependent on the relative amplitudes of the reference and the carrier signals. The three 
variants of PWM techniques used for the optimization of PV inverters based on the popular 
H-bridge topology and their derivatives are briefly reviewed in the following sub-sections. 
 
6.4.1 Bipolar (BP) Switching Scheme. 
The bipolar switching scheme, illustrated in Fig. 6.9, is based on the synchronization of a 
sinusoidal reference signal with a triangular carrier signal. The instantaneous value of the sine 
reference, vsine, is compared with the triangular carrier, vtriangle, to generate the output voltage. 
Mathematically, the operating principle is [123], [124]: 
dco Vv     for vsine > vtriangle                                                                                       (6.1) 
dco Vv    for vsine < vtriangle                                                                                      (6.2)  
where Vdc is the dc supply voltage and vo is the output voltage. 
 
Thus, the output voltage alternates between two voltage levels (+Vdc and –Vdc) as shown in 
Fig. 6.9(b). The term bipolar is because this switching scheme alternates between plus and 
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minus the dc supply voltage – a two-level operation. Application of the bipolar switching 
scheme to the single-phase full-bridge topology is shown in Fig. 6.10 where the switching 
sequence is based on [123], [124]: 
Q1 & Q4 are ON when vsine > vtriangle ( dco Vv  ).                                                    (6.3) 
Q2 & Q3 are ON when vsine < vtriangle ( dco Vv  ).                                                    (6.4) 
While the power switches are turned ON diagonally, the switches of a switching leg must not 
be turned ON at the same time to avoid short circuit across the dc source – a condition known 
as shoot-through fault [124]. Inclusion of switching transition times, known as deadtime, is 
often used to avoid shoot-through occurrence [51]. 
Carrier
waveform
Reference 
waveform
Vdc
-Vdc
(a)
(b)  
Fig. 6.9: Bipolar PWM switching scheme. 
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                                   (b) 
Fig. 6.10: Full-bridge topology with bipolar switching scheme :(a) Q1 and Q4 turned ON and 
(b) Q3 and Q2 turned ON.  
 
6.4.2 Unipolar (UP) Switching Scheme. 
In a unipolar switching scheme, the inverter output voltage switches between three levels 
(+Vdc, 0 and –Vdc) over a complete fundamental cycle. This is achieved by modulating the 
phase legs with 180 degrees opposed reference waveforms – that is, with a mirrored 
sinusoidal reference for each phase leg [124]. For the full-bridge topology, the switching 
states based on the unipolar switching scheme are shown in Table 6.4. The output voltage of 
the full-bridge inverter controlled with the unipolar switching scheme is given by [123]: 
harmonicstSinMVtv adco  )(                                                                      (6.5) 
Where ω = 2πf is the frequency of the sine wave in radians per second and f is the frequency 
in Hz; Ma is the amplitude modulation index which is defined as the  ratio of the peak of the  
sine waveform, vsine, to that of the triangular waveform, vtriangle. 
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           Table 6.4: Switching states using unipolar switching scheme. 
Switching State ON Switches OFF Switches Output Voltage 
1 Q1 and Q4 Q2 and Q3 Vdc 
2 Q2 and Q4 Q1 and Q3 0 
3 Q2 and Q3 Q1 and Q4 -Vdc 
4 Q1 and Q3 Q2 and Q4 0 
 
From (6.5) it is clear that for the unipolar switching scheme, the peak of the fundamental 
component of the output voltage has a peak value proportional to amplitude modulation 
index. In general, for the UP switching scheme, the frequency and magnitude of the output 
voltage is controlled by the reference sine wave, whereas the harmonic content of the output 
voltage depends on the frequency modulation index, Mf, defined as the ratio of the frequency 
of the triangular wave to that of the sine wave used for the modulation process [123], [124].   
6.4.3 Hybrid Switching Scheme. 
The hybrid switching scheme is a variant of the unipolar scheme in which one phase leg is 
switched at the grid low frequency while the other phase leg is switched at the high carrier 
frequency to generate the three output voltage levels (+Vdc, 0 and –Vdc) [125]. Thus, it has 
two high-frequency switches and two low-frequency switches. 
 
Table 6.5 summarizes the advantages, disadvantages and limitations of these inverter 
modulation strategies with integrated H-bridge topology for transformerless PV applications 
[125], [128-130].  
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Table 6.5:  Advantages, disadvantages and limitations of some modulation schemes. 
Modulation 
Scheme 
           Advantages        Disadvantages     Limitations 
 
 
Bipolar  
scheme 
1. Very low leakage current. 
2. Low EMI. 
1. Higher filtering 
requirements. 
2. High core losses due to 
two voltage levels 
produced. 
3. Lower efficiency- 
96.5%. 
Reduced efficiency 
in transformerless 
PV applications with 
full-bridge topology. 
 
 
 
Unipolar 
scheme 
1. Lower filtering 
requirements. 
2. Lower core losses due to 
three voltage levels 
produced. 
3. High efficiency of up to 
98% due to reduced core 
losses during zero voltage 
states. 
1. High leakage current. 
2. High EMI. 
Unsuitable in 
transformerless PV 
application with 
full-bridge topology 
due to high leakage 
current. 
 
 
Hybrid 
scheme 
1. Lower core losses 
2. Higher efficiency, up to 
98%. 
1. Higher filtering 
requirements. 
2. High leakage current 
peaks. 
Unsuitable in 
transformerless PV 
application with 
full-bridge topology 
due to high leakage 
current. 
 
6.5 Control of Three-phase Photovoltaic Power Plants 
6.5.1 Grid Connected Mode 
The main control issues for the grid-connected three-phase photovoltaic power plants include 
[131], [132]: 
 Management of the dc link voltage: The dc voltage can be subjected to transient 
conditions arising from the variability of the power produced by the PV array. An 
increase in the produced power results in voltage overshoot while a decrease results in 
voltage undershoot. Thus, power changes in the output of the PV array results in 
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variation of the dc link voltage. The control of the dc link voltage is often done via the 
control of the frontend dc-dc converter. 
 Maximum power point tracking (MPPT) of the operating point of the PV array to 
ensure operation at the highest efficiency at any operating condition. 
 Control of AC voltage 
 Control of AC current 
 Grid synchronisation 
 Anti-islanding detection 
 Grid monitoring  
 
For such grid-connected photovoltaic power systems, one of the most important 
considerations in the control of the inverter is the proper synchronisation with the three-phase 
utility voltages. Such inverters interact with the grid at the point of common coupling (PCC) 
in order to attenuate voltage disturbances and reduce their undesirable consequences [132]. 
Moreover, such inverters are particularly sensitive to voltage disturbances which might affect 
the controllability of their control systems. For such inverters, proper three-phase 
synchronisation can only be achieved with a well-designed control system since the three 
phases of a three-phase system do not work autonomously. Since in a balanced three-phase 
system, the phases have equal amplitude, frequency and phase shifts, the synchronisation 
system should be able to detect any voltage vector disturbances. The control system of such 
an inverter should also be able to react to ride-through such operating conditions and the 
inverter partakes in supporting the grid frequency and voltage to ensure grid stability and 
safety.  
 
The vector control scheme of a grid-connected three-phase photovoltaic power plant for the 
control of grid side inverter is shown in Fig.6.11. The control loops in Fig.6.11 include [132],  
[133]: 
 Two inner current control loops for the translated dq axis currents, idg and iqg. 
 One dc link voltage control loop to regulate the dc link voltage. 
 The three-phase phase-locked loop (PLL). 
 The maximum power point tracking (MPPT). 
 The cross-feedback decoupled network. 
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Fig. 6.11:  Vector control scheme for a three-phase grid connected PV power plant. 
 
The outer loops regulate the power flow of the system by controlling the active and reactive 
power injected into the grid. This is because of the dependence of the active and reactive 
powers on the direct and quadrature current components as given below [131], [134]: 
  dggdgdgg ivivP
2
3
2
3
                                                                                        (6.6) 
  qggqgdgg ivivQ
2
3
2
3
                                                                                         (6.7) 
The overall inductance, Lf, downstream with respect to the inverter has the following voltage 
balance [131], [134]: 
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Where Rf is the overall line resistance; iag, ibg, icg, represent the line currents, while va1, vb1, 
vc1, represent the inverter output voltages. 
 
In the control scheme of Fig. 6.11, the three-phase synchronous phase-locked loop, PLL, is 
used for the detection of the phase angle and amplitude of the grid voltage; while the PWM 
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scheme is used for the modulation of the inverter. The cross-feedback decoupling network is 
used to cancel out the effect of oscillation at 2ω on the synchronous reference voltage of the 
PLL [132]. 
 
 
6.5.2 Standalone Mode 
In this subsection, a three-phase PV power plant not connected to a main grid is considered. 
These types of plants are often autonomous, isolated or in the form of a microgrid for the 
following reasons [125]: 
 Far distance of the users from the grid, which makes the cost of grid extension 
prohibitive. 
 Difficult terrain to the load centre. 
 Size of the load. 
 
The main technical problem with such standalone plants is related to frequency and voltage 
magnitude control, since unlike in the grid-connected system, synchronisation is not an issue. 
The vector control structure for the inverter of a standalone three-phase photovoltaic power 
plant is shown in Fig. 6.12 with the decoupled current controllers. The control system 
consists of the output voltage controller, the dc link voltage controller, the current controller, 
MPPT controller, and the pulse width modulator (PWM) for the generation of the switching 
pulses. Proportional-plus-Integral (PI) controllers are used for the regulation of the output 
voltage and currents. The outer loop is the voltage controller while the inner loop is current 
controller.  The absence of the phase-locked loop (PLL) is obvious since there is no grid for 
synchronisation functionality. 
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Fig. 6.12: Vector control scheme for a three-phase standalone PV power plant. 
 
6.6 Review of Standards for Interfacing the DC-AC Converter 
To ensure safety and seamless transfer of electric power to the grid and for the local ac loads, 
the inverter - as the main component for PV system’s interface - needs to comply with a 
series of requirements. While local regulations are imposed by grid operators in most 
countries, efforts are made at the global level to impose some standard grid requirements for 
PV inverters to be adopted by various countries for purposes of harmonisation. The most 
relevant international bodies involved in the development of these standards for grid 
requirements are [125]: 1) USA based IEEE (Institute of Electrical and Electronic Engineers); 
2) Switzerland based IEC (International Electrotechnical Commission); and 3) DKE in 
Germany. 
 
The most important and relevant of these standards are [133-139]: 
 IEEE 1547-2003: Standard for Interconnecting Distributed Resources with Electric 
Power Systems. 
 IEC 61727-2004: Photovoltaic (PV) Systems – Characteristics of the Utility Interface. 
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 VDE 0126-1-1-2006: Automatic Disconnection Device between a Generator and the 
Public Low-Voltage Grid. 
 IEC 61000-3-2: Electromagnetic Compatibility (EMC – low frequency). 
 EN 50160: Voltage Characteristics of Public Distribution System. 
The most relevant requirements of these standards in relation to PV systems are classified 
into the following broad areas [135-141]: 
 Response to abnormal grid conditions: This requirement deals with the need for the 
PV inverter to disconnect within a specified time (in seconds) from the grid in the 
event of abnormal voltage or frequency in the grid. Disconnection is essential for 
safety of personnel and to avoid damage to connected equipment while the time delay 
is to ride through short-term disturbances so as to avoid nuisance tripping. It also 
deals with the conditions for reconnection after such disconnections.  
 Power quality issues: This requirement deals with practices and standards on voltage, 
flicker, frequency, harmonics and power factor. Deviations from recommended values 
represent out-of-bound conditions that require the PV system to be disconnected from 
the utility. It considers and sets limits on issues like: 1) dc current injection into the 
grid system, which is harmful to transformers; 2) current harmonics generated by the 
converters; and 3) average power factor. 
 Anti-islanding requirements: The consequences of islanding – failure of the inverter 
to disconnect after the tripping of the grid to which it is connected – include: a) line or 
equipment re-tripping which is hazardous to the equipment, and b) 
shock/electrocution risks to line workers who assume the lines are de-energized. To 
avoid these negative consequences, safety measures called anti-islanding are 
integrated as part of these standards. 
 
6.7 Proposed Control System for the PV Inverter 
This section discusses the control strategy proposed to meet power quality requirements – 
240V, 50Hz – for the single-phase voltage source inverter. The control structure proposed is 
shown in Fig. 6.13.The control structure is designed to achieve the following control 
objectives [58]: 
 Synthesize a single-phase sinusoidal ac output voltage from the dc input from the PV 
array or from the battery bank. 
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 Control of the magnitude of the ac output voltage to achieve 240V rms. 
 To control and maintain the output frequency at 50Hz. 
 Reduction of the harmonic content of the generated output voltage. 
 AC output current monitoring and control. 
 Ensure shoot-through fault does not occur between switches of the same phase leg. 
 
It should be noted that the control strategy developed does not consider the issue of islanding 
detection and control. Also, the maximum power point tracking and the dc link voltage 
management are both implemented via the preceding SEPIC converter; hence they are not 
detailed in this section. 
 
Operationally, the control system of Fig. 6.13 uses the unipolar modulation scheme integrated 
with current mode control. The unipolar scheme ensures frequency control by using two 
sinusoidal signals with a phase difference of 180 degrees and the desired fundamental 
frequency of 50Hz for the modulation process. Each phase leg is modulated separately but 
switched cooperatively as shown in Fig. 6.13. The modulator is chosen with a triangular 
carrier frequency of 25 kHz. Two of the four generated pulse trains of the modulator are 
inverted to provide the complementary signals needed for the switching of the lower switch 
of each phase leg, Q2 or Q4. This ensures that the problem of shoot-through – a short circuit 
condition when switches of each phase leg switch ON simultaneously – does not occur. The 
current mode control is used to regulate the generated output current while ensuring that the 
output voltage is also regulated for an rms value of 240V. The modulated output of the 
inverter which contains a lot of harmonics is filtered using the low pass LC filter. The filter 
removes the higher frequency harmonics not removed by the modulation process. Finally, the 
output transformer with a transformation ratio of 1:2 steps the voltage up to 240V ac before 
utilisation by the load or before integration to the grid. 
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Fig. 6.13: Block diagram of the proposed control system for the single phase inverter. 
 
6.8 Simulation Model 
To investigate the behaviour of the inverter and its performance in relation to the other 
subsystems, a simulation model is developed using MATLAB/Simulink dynamic systems 
software. Previous chapters of this thesis have discussed the modelling of the other major 
subsystems of the complete PV power plant, Fig. 6.14. Those models are now integrated with 
the voltage source inverter based on the H-bridge topology to realise the complete model of 
Fig. 6.15. In Fig. 6.15, the PV array is the primary power source and generates a dc power. 
This is stepped up by the SEPIC converter to provide a dc link voltage of 180V. This voltage 
is used as input to the inverter and as a source to the bidirectional dc-dc converter to charge 
the energy storage system as explained earlier in Chapter 5. The bidirectional dc-dc converter 
also operates during periods of low insolation or night time to discharge the battery bank 
which serves as a backup power supply. The LC filter which is integrated with the 
transformer in the model filters out the high frequency harmonics generated from the 
switching action of the inverter. Since the 180V of the dc link is not enough to provide the 
needed ac output voltage of 240V, the filtered output is stepped up by the line frequency 
transformer. 
 
Figure 6.15 also shows the various control blocks: 1) the MPPT for efficient extraction of PV 
energy; 2) the dc link voltage regulator to ensure the dc voltage is maintained at 180V; 3) the 
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battery bank manager which determines when the battery bank is to be charged or to be 
discharged; and 4) the inverter controller which implements the unipolar sinusoidal PWM 
discussed in the previous section. 
 
SEPIC
CONVERTER Transformer
BATTERY
BANK
INVERTER
Bidirectional
Dc-dc Converter
PV ARRAY FILTER
AC 
loads
DC BUS
 
Fig. 6.14: Block diagram of the power circuit of the complete PV plant being modelled. 
 
 
Fig. 6.15: Simplified simulation model in Simulink showing the subsystems and the controls  
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6.9 Simulation Results and Discussions 
The controllers developed were used in simulation studies for both the single-phase operation 
and for three-phase operation in the standalone mode. For the single-phase operation, the 
results are shown in Figs. 6.16 – 6.18, while the results for the three-phase operation are 
shown in Figs. 6.19 – 6.22. The detailed discussions are presented below.  
 
6.9.1 Single-phase PV System 
For the single-phase operation, at a step time of 1second, a circuit breaker switches on a load 
of 3.5kW into the system and switches it off at the step time of 1.5 seconds. The variation of 
the line frequency during the switching operation is shown in Fig. 6.16. It is observed that the 
frequency deviation from the nominal value of 50Hz is minimal and within acceptable limits. 
The instantaneous values and rms values of the load voltages and currents during this 
switching operation are shown in Fig. 6.17 in per unit values. The current transitions 
(increment and decrement) during the switching operation are obvious in Figs. 6.17(c) and 
6.17(d). Also shown in Fig. 6.18 is the corresponding power flow during the switching 
operation. 
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Fig. 6.16:  Line frequency of the system during the switching operation. 
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(a) Instantaneous load voltage during operation. 
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(b) The rms load voltage during operation. 
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(c)  The instantaneous load current. 
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(d)  The rms load current. 
Fig. 6.17: Load voltages and currents during the switching operation. 
 
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0
0.5
1
1.5
2
Time (sec)
P
_
L
o
ad
 (
W
)
 
Fig. 6.18: Load power flow during the switching operation. 
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6.9.2 Three-phase Standalone PV System 
For the three-phase system, Fig. 6.12, at a step time of 1second a 3-phase load of 2.5kW is 
switched on, while an additional load of 3.5kW is also switched on at a time of 1.5 seconds. 
The results for this double switching operation are shown in Figs. 6.19 -6.22. Fig.6.19 shows 
the frequency deviations obtained. Like in the single-phase case, this is still maintained 
within the required limits. The instantaneous and rms load currents in per units are shown in 
Fig. 6.20, with the current transitions at the switching times obvious. The power flow is 
shown in Fig. 6.21 while Fig. 6.22 is a screenshot showing the three-phase instantaneous load 
current (upper) and the instantaneous load voltage (bottom) during the same switching 
operations.  
 
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
49.9
50
50.1
50.2
Time (sec)
F
re
q
u
en
cy
 (
H
z)
 
Fig. 6.19: Load frequency during three-phase operation 
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(a)  The instantaneous load current in three-phase operation. 
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(b)  The rms load current  
Fig. 6.20: Load current changes during the switching operation. 
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Fig. 6.21: Load power changes during the three phase switching operation. 
 
 
Fig. 6.22: Screenshot of the instantaneous load current (upper) and voltage (bottom). 
 
6.10 Conclusions 
The topologies and different modulating strategies of the H-bridge based photovoltaic 
inverters have been presented. A modulation scheme based on the unipolar sinusoidal PWM 
technique has been proposed and used for the inverter switching operation. The simulation 
studies confirm the feasibility and effectiveness of the control strategy. The proposed control 
strategy is able to synthesise ac voltage from the dc voltage from the solar array or the 
backup battery energy storage system. It is evident that the control strategy is able to provide 
a sinusoidal output voltage with the harmonics reduced to the barest minimum after minimal 
filtering. 
 
Moreover, the robustness of the control system has been demonstrated by the ability of the 
system to maintain the load frequency and voltage magnitudes, in both single-phase and 
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three-phase operations, within the required limits even in the events of changes in the system 
loading. 
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Chapter 7 
Hardware Implementation and Experimental Analysis of the PV 
System. 
       
7.1  Introduction  
Previous chapters of this thesis have investigated, via simulation studies, the theoretical 
processes of voltage mode control, current mode control and pulse width modulation 
strategies for the control of power converters for interfacing photovoltaic energy. The 
understanding that comes from such simulation studies is invaluable since it provides useful 
insight into how the power converters should be controlled to achieve the intended 
performance outcomes. However, simulation studies without experimental backup offer 
limited value. Building the physical system to achieve the desired switching performance as 
closely as possible, not only consolidates the learning process, it also offers the satisfaction of 
the realization of the engineering transformative process of building a product out of an idea. 
 
To implement real time control of the converters discussed in the previous chapters using the 
developed control algorithms, a digital signal processor (DSP)-based hardware/software 
platform using dSPACE DS1104 DSP board is used [138]. The DSP controller produces 
logic level outputs as commands to turn particular switches ON and OFF. These outputs are 
translated by hardware (opto-isolators and gate drivers) into actual gate control signals which 
eventually control the switches in the converter system. Also, for the converters to work 
properly and effectively, analogue signals must be acquired via appropriate sensors, 
conditioned and converted into digital forms before processing by the controller [124], [143]. 
 
This chapter is the culmination of the work of the previous simulation studies – it discusses 
the hardware implementation of the entire photovoltaic power system. Firstly, the data 
acquisition and conditioning methodology is presented. This is followed by the discussion of 
the dSPACE DS1104 DSP board and the interfacing with the Simulink software. Thirdly, the 
building of the hardware subsystems – voltage and current sensor boards with integrated 
opto-isolator and gate drivers; the IGBT based power boards for the SEPIC converter, the 
bidirectional dc-dc converter, and the PV inverter, is presented. Finally, the experimental 
results and discussions are presented followed by the conclusions. 
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7.2 Data Acquisition and Conditioning 
The analogue inputs of a typical power converter have a wide range of operational voltage 
and current values. These field signals require proper conditioning to convert them to the 
low-power, low-voltage levels required by the digital controller. To create a robust 
input/output (I/O) circuitry that reliably interfaces to the digital controller requires proper 
choice of sensors and amplifiers [124], [143]. Figure 7.1 show the process of acquiring these 
converter signals by the sensor, conditioning by the amplifier circuitry, and then converting 
the conditioned signal into digital form using the ADC (analogue-to-digital-converter) before 
processing by the controller. Also, shown in Fig. 7.1 is the conversion of the processed digital 
signal to analog form using the DAC (digital-to-analog-converter). The processed and 
reconverted signals (switching pulses) are then conditioned to the level needed to turn ON 
and turn OFF the power switches by the gate driver circuitry. 
 
The choice of a DSP based controller for this project is because of the following advantages 
of the digital approach compared to the analogue approach [58], [116], [124], [143]: 
 It offers greater flexibility and potential for implementation of sophisticated control 
algorithms. 
 Offers greatly improved reliability and repeatability. 
 High speed signal processing. 
 Availability of low cost, high performance DSP controllers with enhanced and 
integrated ADC, DAC, and pulse width modulators. 
 Offers real-time hardware-software interface functionality. 
 Less susceptible to ageing and environmental variations. 
 Offers better noise immunity. 
 Ability to incorporate additional functionality like protective features, communication 
features, operator interface, and field transducer control signals.  
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Fig. 7.1: Block diagram of the signal acquisition and conditioning processes used for the PV   
system. 
 
7.2.1 dSPACE DS1104 DSP Board Description 
The DS1104 DSP board used for this project, a product of dSPACE GmbH Germany, is a 
standard board that can be inserted into the peripheral component interconnect (PCI) slot of a 
host PC. It is designed for the development of high-speed multivariable digital controllers and 
for real-time simulation. Specifically, this real- time controller incorporates the following 
[142], [144]: 
 A Master DSP – 603 PowerPC floating point processor, with a clock frequency of 
250MHz. 
 A slave DSP system based on the TMS320F240 DSP microcontroller. 
 100-pin I/O connector for linking field signals, via an adapter cable. 
 Two different types of analog/digital converters (ADCs): a) one 16-bit ADC with four 
multiplexed input signals: ADCH1 – ADCH4; b) four 12-bit parallel ADCs with one 
input signal each: ADCH5 –ADCH8. 
 A digital/analog converter (DAC) with 8 parallel DAC channels: DACH1—DACH8. 
In addition, the following interface connectors allow communication between the controller 
and external devices [140], [142]: 
 The CP1104 connector panel: this provides easy-to-use connections between the 
dSPACE DS1104 DSP board and the field devices, via BNC connectors and Sub-D 
connectors. 
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 The CLP1104 Connector /LED Combi panel which provides an array of LEDs for 
visual indication of the digital signals.  
 
7.2.2 Real Time Implementation of the Complete PV System 
For the real time control of the complete PV system, Fig. 7.2, the controllers designed in the 
previous chapters using Matlab/Simulink software are integrated with the desired dSPACE 
blocksets to form the complete real time model. The four major blocksets used for this project 
include: 1) ADC blocks for capturing the analog inputs, 2) DAC blocks for reconversion of 
the digitally processed signals back to analog form, 3) PWM (pulse width modulation) blocks 
for generation of the signals used for switch activation, and 4) the digital input/outs (I/Os) 
used for system protection. During the build process, the Real-Time Interface (RTI) 
automatically generates real time code from the Simulink model and implements this code on 
the dSPACE real-time hardware – the dSPACE DS1104 DSP board, used for this project 
[144].While the experiment is running, the user can change system parameters via the 
functionality of the controller’s associated software – the ControlDesk. 
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Fig. 7.2: System block diagram showing some analogue signals (green lines) to be measured 
and used for control purposes. 
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7.3 Hardware Implementation 
7.3.1 Voltage/Current Sensing & Conditioning 
All power electronic control systems require certain input signals to operate. These signals, 
often in analogue forms, must be acquired, scaled and conditioned from their external voltage 
and current levels to match the controller’s input/output (I/O) levels [124],[143]. Fig. 7.2 
shows some of the important analogue signals (in green lines) needed to be acquired, scaled 
and conditioned for the implementation of the control algorithms of this project. 
 
The voltage sensor circuits are designed to measure the output of the PV array, the SEPIC 
converter, the battery bank, and the filtered output of the inverter. The measured voltage is 
processed as explained in subsection 7.2. The voltage sensing circuits for this project are 
based on the Hall-effect based voltage transducer [145]: LV-25P by LEM Components, Fig. 
7.3. Operationally, the voltage to be sensed is fed into the primary of the transducer to 
produce a proportional current through the primary resistor, RP. This current generates a 
proportional current, based on the conversion ratio (2500: 1000) of the transducer, in the 
secondary side. The secondary current then develops an output voltage proportional to the 
secondary resistor, RS. For optimum accuracy, RP is chosen such that the nominal voltage to 
be measured corresponds to a primary current of 100mA. 
 
The voltage and current conditioning circuits used for this project are based on the instrument 
amplifier [146] – INA 118 by Burr-Brown Corporation. Figure 7.4 shows one channel of the 
voltage sensor circuitry incorporating the voltage sensor and the voltage conditioner. The 
INA 118 is used to process the sensed signals. The output of the amplifier is connected 
through the dSPACE connector panel CP1104 through the ADC channel to the DS1104 
controller for processing, as explained earlier in Fig. 7.1. 
 
To sense the PV current, battery current and inductor currents, Hall-effect based current 
transducers [147], LA 55P by LEM Components, are used. Like in the voltage sensing 
circuitry, the output of the current transducer is conditioned using the instrumentation 
amplifier: INA 118. The conditioned signal is fed to the controller for processing via the 
dSPACE connector panel CP1104, Fig. 7.5. 
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Fig. 7.3: Hall-effect voltage sensor circuitry using LV 25P. 
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Fig.7.4: Schematic diagram of 1-channel of the voltage sensing and conditioning circuitry 
based on LV 25P and INA 118. 
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Fig. 7.5: Schematic diagram of 1-channel of the current sensing and conditioning circuitry   
based on LV 25P and INA 118. 
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7.3.2 Isolation and Gate Drive Interface 
For the DS1104 controller to drive the IGBT power switches, the logic signals from the 
controller must firstly be coupled into the gate driver circuit using an isolation system. This 
isolation is necessary to avoid interference from the high di/dt and dv/dt  associated with the 
switching transition propagating into the controller and causing either damage or malfunction 
of the controller logic. The strategy adopted in this project to achieve isolation is via optical 
interfacing using high-speed opto-couplers. The integrated circuit HCPL-3120 by Agilent 
Technologies is the opto-coupler chosen [148]. The connection of this IC for the project is as 
shown in Fig. 7.6. 
 
The gate driver performs the function of converting the logic command generated by the 
DS1104 controller into a suitable voltage and current level required to turn ON and turn OFF 
the power switches of the converters. To turn an IGBT power switch ON requires that an 
initial burst of current must be injected into the gate, followed by a holding voltage (of 
between 10 to 20V) to keep the switch ON. Also, to turn OFF the IGBT, a similar burst of 
opposite polarity current is needed to discharge the gate capacitance, with a zero or negative 
holding voltage to keep the switch OFF. Moreover, the gate driver must provide a low output 
impedance to ensure that accidental switch state transitions do not occur [124]. 
 
While the SEPIC converter topology has a low side power switch, the bidirectional dc-dc 
converter and the dc-ac (inverter) converter each has both low-side and high-side switches. 
To be able to drive these low-side and high-side switches, the integrated circuit, IR 2110 by 
International Rectifier, is incorporated into the circuitry. By operating in the bootstrap mode 
this high-side and low-side driver provides very fast switching speed and low power 
dissipation. 
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Fig. 7.6: Opto-coupler circuitry used for isolation of the IGBT switching signals. 
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7.3.3 Printed Circuit Board Design and Construction. 
The voltage/current sensor circuitries, the signal conditioner circuitry, the opto-coupler 
circuitry, and the gate driver circuitry described in the previous subsections are all integrated 
to form a single circuit board. Figure 7.7 shows the block diagram of the elements of the 
integrated board with the sequence of signal flow for a single channel. Multiple channels are 
integrated onto the same board based on the number of analogue inputs to be acquired. The 
board development is started via bread-boarding of the prepared circuit schematic diagram 
and subsequent testing and troubleshooting. With a functional circuit on the breadboard, the 
transition to electronic design automation (EDA) platform based on the Altium Designer 
software follows. The schematic capture tool, the PCB layout tool, the analysis tool, and the 
routing tool of the Altium Designer are used to develop the following printed circuit boards 
(PCBs): 
 A four-channel single-sided PCB for the SEPIC converter. Figure 7.8 shows schematic 
diagram in Altium software while the layout drawing is shown in Fig. 7.9. The finished 
PCB with populated components is shown in Fig. 7.14. 
 A four-channel single-sided PCB for the bidirectional dc-dc converter. The associated 
schematic drawing and layout drawing are shown in Figs. 7.10 and 7.11, while the 
finished PCB with populated components is included in Fig. 7.14. 
 A single-sided PCB for the inverter power circuitry. The associated schematic drawing 
and layout drawing are shown in Figs. 7.12 and 7.13, while the complete PCB is 
included in Fig. 7.14. 
Each of the single-sided PCBs is assembled with the following main components [145-149]: 
 Hall-effect voltage sensors (LV 25P) and current sensors (LA 55P).      
 Instrument amplifiers: INA 118 by Burr-Brown Corporation. 
 Opto-couplers: HCPL-3120 by Agilent Technologies. 
 IGBT gate driver ICs: IR2110 by International Rectifier. 
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Fig. 7.7:  Block diagram of signal flow for one channel of the printed circuit board. 
 
 
 
Fig. 7.8: Schematic diagram in Altium Designer software of the four-channel sensor board 
for the SEPIC converter. 
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Fig.7.9: Layout drawing in Altium Designer software showing the four-channel PCB for the 
SEPIC converter. 
 
 
Fig. 7.10: Schematic diagram in Altium Designer of the sensor board for the bidirectional dc-
dc converter. 
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Fig. 7.11: Layout drawing in Altium Designer software showing the four-channel PCB for 
the bidirectional dc-dc converter. 
 
 
 
 
Fig. 7.12: Schematic diagram in Altium Designer of the sensor board for the inverter.  
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Fig. 7.13: PCB layout drawing in Altium Designer of the sensor board for the inverter. 
 
 
 
 
Fig. 7.14: The finished PCBs for the three converters. 
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7.3.4 Construction of the Power Converters 
Stray inductances are present in various parts of a power converter. The presence of these 
stray inductances results in an overvoltage during the switch turn-off. Similarly, during the 
turn-on transition these inductances lead to a rise in the switch current. Thus, the power 
switch, IGBT as used in this study, experiences high electrical stresses at both turn-on and 
turn-off transitions when both its voltage and current are high simultaneously. This sudden 
rise in voltage and current causes high instantaneous power dissipation in the power switch 
and is also accompanied by the propagation of electromagnetic interference (EMI) in the 
system [124], [116], [150]. To minimise these negative consequences of stray inductances the 
following circuit layout issues are adopted in this study [116], [151]: 
 Use of short conductor lengths from the controller to the gate of the IGBT power 
switches. 
 Use of shielded or twisted conductors for the control circuits links. 
 Minimal use of unshielded leads. 
 Use of heat sinks for the mounting of the IGBT power switches for efficient 
dissipation of generated heat by natural convection. 
Also, the following “good design practices” are used to achieve electrical safety because of 
the voltage levels involved in the switching operation [150]: 
 Sufficient spacing between uninsulated live parts of components: This is necessary for 
electrical safety and voltage isolation. The use of proper creepage distance (shortest 
path between two conductive materials measured along the surface of an insulator 
between them) and clearance distance (shortest distance between two conductive 
materials measured through air) is adequate in this regard. 
 Provision of thermal interface materials and use of isolation foils: To achieve proper 
thermal management that allows adequate power dissipation, the IGBT power 
switches are mounted on heatsinks. An isolation material in the form of isolation foil 
is inserted between the heatsink and the component. This foil provides both isolation 
and thermal interface functionalities. 
 Proper use of assembly methods: The methods by which the discrete power devices 
(power switches, inductors, diodes, and capacitors) are assembled impact the 
electrical safety and isolation level of the finished power converter. Hence the 
following assembly methods are used: a) screw-mounting assembly method for the 
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IGBT power switches to the heatsinks with the integrated isolation foils; and b) 
soldering for the discrete components to leads and to banana sockets. 
 
The above considerations are applied in the construction of the power converters. For the 
construction of the SEPIC converter, a 600V/60A IGBT (IRGP35B60PDPbF) by 
International Rectifier is used [152]. The IGBT with integrated freewheeling diode is 
mounted on a T0-220 heatsink with thermal insulation (isolation foil) in-between. The T0-
220 heatsink is chosen for proper dissipation of the heat losses caused by both the conduction 
and the switching processes. The generated heated is dissipated using natural convection 
process. With the marking and drilling of the mounting holes done, the IGBT, the inductors 
and capacitors are mounted on a 4mm-thick Perspex project box using banana sockets. Figure 
7.15 shows the constructed power board of the SEPIC converter.  
 
Similarly, the H-bridge based inverter to produce 240V ac at 50 Hz is constructed using the 
same 600V/60A IGBTs and housed on a separate perspex project box as shown in Fig. 7.16. 
Figure 7.16 is configured such that it can be used for either single-phase operation (as in this 
project) or for three-phase operation, if desired. Also, the bidirectional dc-dc converter is 
constructed on a separate board, Fig. 7.17.  
 
Table 7.1 shows the major components used for the construction of the three power 
converters. 
 
 
Fig. 7.15: Prototype of the SEPIC converter in perspex housing. 
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Fig. 7.16: Prototype of the inverter board in perspex housing. 
 
 
 
Fig. 7.17: Prototype of the bidirectional dc-dc converter. 
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Table 7.1: Major components used for the power converters. 
 SEPIC Converter 
S/N Component Value 
1. IGBT Power Switch (IRGP35B60PDPbF): with 
co-pack diode. 
600V/60A. 
2. Inductor, L1 100µH. 
3. Inductor, L2 1000µH. 
4. Coupling Capacitor, C1 6.8 µF. 
5. Output Capacitor 6.8 µH, 400VDC, ESR: 
3.7mΩ. 
6. Input Capacitor 120µF, 250VDC 
Bidirectional DC-DC Converter 
7. IGBT Power Switch (IRGP35B60PDPbF): with 
co-pack diode. 
600V/60A. 
8. Inductor, L1 330 µH 
9. Output Capacitor 4.0 µF, 100V. 
DC-AC Converter (Inverter) 
10. IGBT Power Switches: same as in the SEPIC 
converter 
600V/60A. 
11. Filter Capacitor 70 µF, 350VAC. 
12. Filter Inductor 18mH, 250VAC. 
 
 
7.4  System Integration and Experimental Setup 
7.4.1 Graphical User Interface Development in ControlDesk Software 
For real-time implementation of the entire PV power system, the Simulink control models are 
interfaced with the real-time function blocks. With this interfacing, the following control 
algorithms are then implemented: 
 MPPT control implementation via the SEPIC converter. 
 Voltage and current control of the converters. 
 Unipolar sinusoidal pulse width modulation of the inverter. 
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 Protection functions: overcurrent and overvoltage protection of the power switch. 
The automatic code generation feature of the Real Time Workshop (RTW) subset of 
MATLAB enables easy conversion of these codes into the equivalent C codes. The C codes 
are subsequently compiled into executable codes, assembled, linked and then downloaded to 
the DS1104 controller.  
 
With the codes already downloaded into the embedded controller, the ControlDesk software 
(software for DS1104 controller) on the host computer is then used for the development of 
the graphical user interface (GUI). The GUI enables real time interaction with the embedded 
DSP controller and allows the user to: 1) change system parameters and, 2) display and 
monitor waveforms on the host computer. Via the GUI of the ControlDesk, the parameters of 
the various PI (proportional-integral) blocks are tuned in real time to achieve desired output 
values. Because of the frequency limitations of the controller, a switching frequency of 15 
kHz is chosen for the converters and a deadtime of 500 nanoseconds chosen for the inverter. 
 
7.4.2 Installation of Solar Panels 
To achieve optimum energy harvesting from sunlight by the solar array, the exact location of 
the array in the immediate vicinity of the laboratory is critical. The exact position of the array 
(group of solar panels) is location-specific. It dependents on the following factors [153]: 1) 
orientation – facing geographical north or south, 2) angle of tilt from the horizontal surface, 
3) shading avoidance from trees and buildings and, 4) length of cable runs to minimize 
voltage drop between the array and the converters. 
 
To minimize losses from shading, the following sets of rules are adopted [153]: 
   Avoiding all obvious obstructions, like trees, buildings or TV aerials so that the array   
  is in no way obstructed. 
  Avoiding high northern obstruction. This is because in the southern hemisphere, over a   
 daily cycle, the sun rises roughly in the east, sets roughly in the west and spends most   
 of its time in the northern part of the sky.  
   Avoiding obstructions in the north-eastern and north western part of the array to avoid  
  encroaching into the solar window. 
   Maximising the array mounting height. 
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Also, a general rule of thumb that the array should face north in southern hemisphere, and 
that the minimum angle of tilt with the horizontal should be at least 10 degrees to ensure self-
cleaning is adopted. A clinometer is used to get this angle. Moreover, all installations are 
done in accordance with the relevant Australian standard for PV installation - AS 4509. The 
two-panel array used is based on the BP 380 solar array, as in the simulation studies. 
 
7.4.3 Experimental Setup 
In order to validate the simulation results discussed in the previous chapters, an experimental 
setup is arranged. The experimental setup for this PV power system is shown in Fig. 7.18, 
and specifically includes the following key components: 
 The DS1104 hardware/software platform: for implementation of the control 
algorithms to generate the logic level commands for the power switches. 
 The fabricated boards for data acquisition, conditioning and gate driver interfacing 
discussed earlier. 
 Laboratory dc power supply (GPC-3030): this is needed to energise the DS1104 
hardware system, the sensors, the analogue interface circuitry, and the gate driver 
circuits. A +5V supply is used for the DS1104 system, ±15V for the analogue 
circuitry and +15V for the gate driver supply. 
 The constructed power converter boards: SEPIC, bidirectional dc-dc, and the inverter. 
 A two-panel PV array based on the solar module: BP380, installed outside the 
laboratory. 
 A 48V 200Ah sealed lead acid (SLA) battery bank for energy storage. 
 A four channel digital storage oscilloscope (TPS 2024B by Tektronix). 
 A power analyser (PM1000+ by Voltech). 
 High voltage differential probe (P5200 by Tektronix). 
 AC/DC current probe (A622 by Tektronix). 
 A resistive load bank. 
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Fig.7.18: Experimental setup for the PV system 
 
7.5 Experimental Results and Discussions 
The built prototypes were tested with the controller to determine the performance of the 
system. The testings involved two levels: 
 Unit-level testing to determine the performance of the individual subsystems and the 
associated control algorithms. 
 System-level testing to determine the performance of the entire integrated system and 
the interactions of the subsystems. 
The details are discussed in the subsections below. 
 
7.5.1 Generation of Switching Pulses 
Figure 7.19 shows the gating signals used to turn on the SEPIC converter based on the duty 
cycle generated automatically by the closed-loop operation of the DS1104 controller to 
maintain the desired output voltage of 180V. The topmost pulse train (yellow) is the direct 
logic level output of the controller (5V), while the bottom pulse train (blue) is the output of 
the optocoupler which has been conditioned to 15V suitable to drive the low side power 
switch of the SEPIC converter. 
 
Similarly, the pulse trains for driving the two phase legs of the H-bridge based inverter are 
shown in Fig.7.20. The unipolar switching scheme used has generated the four pulse trains –  
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Fig.7.19: SEPIC converter gating signals. 
 
 
Fig. 7.20: Inverter gating signals. 
 
two are complementary signals for each phase leg to ensure that the two switches of a phase 
leg are never turned on at the same time. This ensures the avoidance of the problem of shoot-
through (a short circuit condition within a phase leg). 
 
7.5.2 Effects of Changing Ambient Temperature 
Changes in the ambient temperature and solar irradiation are common environmental 
variables that affect the performance of a photovoltaic power plant, as explained previously 
in chapter 2. These variables result in the intermittency and variability associated with such a 
photovoltaic power plant, and consequently the reliability of such plants. However, a well-
designed control system is able to mitigate these problems. Fig. 7.21 shows the effects of 
changing ambient temperature on system performance for a given solar irradiance. For an 
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ambient temperature of 30oC at 600W/m2, the array voltage is 32V while the controller 
maintains the dc link voltage at the desired value of 180V as in Fig. 7.21(a). In Fig. 7.21(c) 
for a fall in ambient temperature to 20oC at the same irradiance of 600W/m2, the array 
voltage rises to 42V while the controller still regulates the dc link voltage at the desired value 
of 180V. This is an attestation to the ability of the controller to mitigate this problem of 
variability arising from changes in the environmental variable. 
 
Fig. 7.21(b) shows the extracted maximum power of 80W from the array at an irradiance of 
600W/m2, while Fig. 7.21(d) shows the extracted maximum power at 100W for an irradiance 
of 800W/m2. Thus, the control algorithm for the maximum power extraction is seen to be 
able to follow changes in the solar irradiation and to extract the power changes accordingly. 
 
 
                   
                           (a)                                                                                    (b) 
                   
                          (c)                                                                                      (d) 
Fig. 7.21: Effects of changing ambient temperature on system performance as displayed in 
ControlDesk. (a) Dc link voltage (red) and array voltage (green) at an ambient temperature of 
30oC and irradiance of 600W/m2 (b) Extracted maximum power from array at 600W/m2. (c) 
Dc link voltage (red) and array voltage (green) at an ambient temperature of 20oC and 
irradiance of 600W/m2 (d) Extracted maximum power at 800W/m2. 
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7.5.3 Operation of the Bidirectional Converter 
For the mitigation of reliability problems of a photovoltaic power system, an energy storage 
system is often integrated. The bidirectional dc-dc converter is integrated in this work to 
interface the battery bank used for the energy storage function. Fig. 7.22 shows the output of 
the bidirectional converter in both charging and discharging modes. In Fig. 7.22(a) the 
converter output voltage (battery side) is maintained at 60V to charge the battery bank of 
48V, while in Fig. 22(b) the converter maintains the dc link voltage at the desired value of 
180V when operating in the boost mode (discharging).  
 
Fig. 7.23 is the battery bank voltage profile during charging logged using LabView software. 
Comparisons of the experimental results of Figs. 7.22 and 7.23, with the simulation results of 
Figs. 5.11 and 5.12 in section 5.7, show that the experimental results are in agreement with 
the simulation results. It also shows the reliability of the battery charging algorithm adopted.  
 
 
                      
                                    (a)                                                                       (b) 
Fig. 7.22: Output of bidirectional dc-dc converter. (a) Charging mode. (b) Discharging mode.  
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Fig. 7.23: Battery bank terminal voltage during charging: ramping up from bulk to absorption 
phase after load recovery captured with LabView software. 
 
7.6 Conclusions 
This chapter has presented the hardware implementation of the three power converters and 
their associated control algorithms presented in this study. The experimental setup is used for 
the validation of the simulation studies. The actual generated gating signals necessary for 
switching the converters and the effects of ambient temperature changes on system 
performance have been presented. Similarly, the practical performance of the bidirectional 
dc-dc converter as the interface for energy storage system has been presented. Moreover, the 
DS1104 DSP controller used for the study has shown its capability and flexibility in using 
complex control algorithms to achieve the desired performance outcomes for the converters. 
 
It is seen from the experimental results of this chapter that the results obtained from the 
hardware implementation almost match those of the simulation results documented in 
chapters 2 through 6. Thus, the simulation results are validated. 
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Chapter 8 
Summary and Suggestions for Future Research 
 
8.1 Summary 
The intention of this chapter is to present a summary of the work carried out so far in this 
study and then present the conclusions drawn, while at the same time proposing some future 
areas of research. This research work becomes more relevant as more and more countries in 
the advanced world embark on ambitious energy agendas to reduce their carbon emission and 
ultimately become carbon neutral by mid-century, and as engineers in such countries deploy 
an array of technologies to replace aging coal-fired power plants and to ensure a more 
sustainable energy future. The importance is even more relevant in developing nations since 
renewable energy is the key to unshackle their energy poverty. 
 
This thesis has investigated the performances of some control algorithms for power 
converters used in a photovoltaic power plant for the conversion of solar energy into ac 
voltage that can be used to power ac loads such as home appliances, lighting and power tools 
and for possible integration into a microgrid. The PV power plant comprises a photovoltaic 
generator (solar array), a SEPIC converter for interfacing the solar array, a bidirectional dc-dc 
converter for interfacing the backup energy storage system, and a dc-ac converter for 
generating the necessary ac output and for interfacing to the micro grid. 
 
In summary, the conclusions from this study are as follow: 
PV Modelling and Software Tool for PV Plant Design 
o A well-developed PV simulation model is an invaluable tool to the engineer in 
accurately predicting the performance of the PV system when deployed in 
operation. 
o The major environmental variables affecting the PV array performance are solar 
irradiation and ambient temperature. While there is a linear relationship between 
the output current/power of the array and solar irradiation, there is an inverse 
linear relation between the array output voltage and the ambient temperature. 
o A user-friendly design platform for standalone PV system helps the system 
designer not only to get the design job done in the shortest possible time, but 
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most importantly to accurately size the system’s components using site-specific 
design parameters. This ensures system reliability, easy maintainability, 
durability and system’s safety. 
Regulation of the DC Link Voltage 
o A well-designed control system using the current mode approach ensures a robust 
regulation of the output voltage of the converter regardless of changes in the input 
voltage variations, load changes and component’s parameter variations. It also 
ensures good transient and steady state performance while also providing system 
safety since the current is also controlled. 
Maximum Power Point Extraction 
o Accuracy and speed of response are the two main considerations in the 
implementation of any reliable MPPT algorithm, since the changes in ambient 
temperature and solar irradiation are so unpredictable and happen so quickly. 
Such accuracy and speed ensure that the maximum power point is tracked 
irrespective of changes in weather, and thus improving the efficiency of the 
photovoltaic system. 
Management of Energy Storage System 
o The mitigation of issues of variability and intermittency of renewable power 
generators requires the integration of energy storage system with the associated 
dc-dc power converter with bidirectional power flow capabilities. A well-
designed control algorithm when integrated with such a system ensures proper 
matching of the dc link voltage and the voltage of the energy storage system in 
both the discharge and charging modes of operation, while providing both over-
charge and over-discharge protections. It also must ensure the required power 
balance between the various subsystems. 
Voltage and Frequency Regulation 
o To ensure the reliable delivery of ac power to consumers from the renewable 
energy sources, the photovoltaic inverter has to ensure that the frequency and 
magnitude of the generated ac voltage are within the acceptable limits. The ability 
to produce a perfect sinusoidal waveform with minimal distortion at the desired 
frequency of 50 Hz for both single-phase and three-phase operation depends on 
the robustness of the inverter’s control system. 
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8.2 Contributions to Engineering Knowledge 
 
Sustainable electricity future will depend on innovations in the following key technologies, 
among others, 1) energy storage, 2) renewables, 3) microgrids, 4) smart grids, 5) energy 
efficient schemes, 5) power converters and 6) control algorithms for power converters. The 
modest contributions of this thesis to such a sustainable energy future in which fossil fuels 
play a gradually declining role, and to the dissemination of engineering knowledge are 
summarized below: 
 The development of an experimentally validated simulation model for photovoltaic 
module suitable for characterisation studies, so that better insight of the PV system’s 
behaviour is gained. 
 Development of a complete simulation model with associated controllers for a 
photovoltaic power plant incorporating the PV array, the SEPIC converter, the 
bidirectional converter, the inverter, and the backup battery energy storage system. 
 Development of unique control algorithms for maximum power point tracking, dc and 
ac voltage and current regulation, and battery management for the backup energy 
storage system. These algorithms make it easier for the system to mitigate the effects 
of the inevitable variations in solar power. 
 Simplified design approaches to both the SEPIC dc-dc converter and the bidirectional 
dc-dc converter. Such converters are increasing becoming invaluable in the harnessing 
of photovoltaic power. 
 Physical implementations of the three interfacing converters and the associated 
controllers. Such implementations help in bridging the knowledge gap between 
simulation results and experimental results and to help in visualisation of the PV 
system in real time. 
 Better understanding of PV subsystems integration issues. Such knowledge helps 
engineers to understand and predict the perturbations of the individual subsystems on 
the grid and for effective integration of distributed generation to the central grid. 
 User-friendly design platform for the sizing of PV standalone PV power plants. Such 
design platforms not only hasten the design process, but also ensure the deployment 
of reliable, safe and cost-competitive PV power plants. 
 Improved understanding of the control of both single-phase and three-phase 
photovoltaic inverters. 
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8.3 Suggestions for Future Research 
Despite the achievement of some promising results that help in better understanding of 
photovoltaic power systems, the work done in this thesis may be further improved via the 
following approaches: 
 Research on incorporating a multi-chemistry charging algorithm for the backup 
energy storage system so that any type of battery would be used. 
 Research on the inclusion of a transformerless inverter topology to achieve reduction 
in physical size of the entire photovoltaic system. 
 Research on using the developed system as a practical platform for the comparison of 
the performance of different maximum power point tracking techniques. 
 Implementation and incorporation of an MPPT method capable of tracking maximum 
power point under shading conditions. 
 Studying of the effects of PV cell parameter variations on the MPPT performance. 
 Extension of the control strategy to grid connected PV system with smart grid 
functionality. 
 Improvement of the control strategy for a hybrid system to incorporate other 
renewable energy sources. 
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